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FOREWORD 

Sikorsky Aircraft ,  a Division of United Aircraft  Corporation, has con- 
ductecl a study en t i t l ed  "Conceptual Design Study of 1985 Commercial Trans-  
ports That Uti l ize  Rotors," under Contract NAS2-8079 from the National Aero- 
nautics and Space Administration, Ames f a c i l i t y .  The study w a s  conducted 
between February and August, 1974. 
Mr. Gary Churchill and Mr. Demo Giulianett i .  The authors wish t o  acknowledge 
t h e i r  assistance as w e l l  as t h a t  provided by the following S i k o r s e  personnel 
i n  the  disciplines indicated: 

NASA technical representatives were 

K. C. Hansen Handling Qualities 

D. K .  Unsworth Mass Properties 

S. A. Schmidt Performance 

J. W. Jones Economics 
A. C. Whyte Aircraft  Design 

R. W. Beckert Aircraft  Design 

The r e su l t s  of the study are presented herein as Volume I of two volumes. 
Volume 11, NASA report CR-137598, contains the technical substantiation f o r  
these results. 



The objective of t h i s  study was t o  design the  largest s i ze  helicopter and 
compound commercial transports t h a t  would be feasible and pract ical  i f  fab- 
r icat ion would begin i n  1980, t o  a maximum of 100-passenger capacity, as 
constrained by an external noise r e s t r a i n t  t o  be evaluated. The e f f ec t  of a 
variation of t h i s  noise r e s t r a in t  on the design and operation of these aircrafi 
w a s  then assessed. Handling qua l i t i e s ,  payload, and mission capabili ty were 
simi1,ar throughout. 

The selected external noise c r i t e r ion  w a s  95 PNdB a t  a 150-meter (500 foot )  
s idel ine in  hover on a sea level  32.2-degree C (9b-degree F) day. Payload w a s  
set at  the study guideline max imum of 100 passengers, considered feasible  and 
prac t i ce l  i n  terms of s i ze  for  the defined timefreme of i n i t i a l  fabrication i n  
1980. Baseline opti-azcrtion w a s  generally achieved by minimizing d i r ec t  opera- 
t i on  cost (DOC) ,using the Aerospace Industries Associates ( A I A )  cost  model, 
over a 370-kilometer (200-nautical mile) stagelength. 

A twenty-five percent saving i n  s t ruc tu ra l  weight from current state-of- 
the-art trending w a s  assumed, representative of t h e  use of ccmposite materials. 
It w a s  also assumed t h a t  current knowledge i n  noise reduction techniques f o r  
main rotors can be applied t o  t a i l  rotors .  A 5 dB reduction i n  external noise 
signature f o r  a given turboshaft engine s i ze  w a s  assumed f o r  improvement i n  
compressor desi@ techniques, within the prescribed timefreme . 

The m o s t  s ignif icant  r e su l t  w a s  t h a t  t he  helicopter achieves the noise 
limit goal with no compromise t o  optimum selection of ro to r  parameters. 
compound, when constrained by study guidelines of constant rotor geometry, is 
compronised in  t h a t  the low blade t w i s t  and low blade area desirable for high 
speed f l i g h t  are not consistent w i t h  low noise i n  hover. 
4% lower than that of the compound and showed smaller increases at reduced 
range. 
speed 89 meters/second (173 knots).  
grams (75,926 pounds), cruise speed 128.6 meters/second (250 knots). 
examination of DOC and noise s e n s i t i v i t i e s  around the baseline, it was possible 
t o  se l ec t  rotor  parameters t o  achieve the 25 PNdB members of t h e  two families,  
considering ainimum change t o  DOC. 
reduction i n  ro to r  t i p  speeds and the adoption of twin low-disc-loading tai l  
rotors ,  for  4% increase i n  DOC. The quiet compound w a s  achieved through re- 
duction i n  ro to r  t i p  speeds and adoption of a fan-in-fin i n  place of a conven- 
t i ona l  tail rotor ,  fo r  6% increase i n  DOC. 
procedure show somewhat greater enclosed areas at a given noise level  fo r  the 
compound than f o r  the helicopter.  
follow a f l a t t e r  take-off prof i le  than the helicopter,  using auxiliary pro- 
pulsior, t o  avoid negative wing l i f t  and/or high ve r t i ca l  drag penalties.  

The 

Helicopter DOC w a s  

Helicopter gross w e i g h t  was 26,373 kilograms (58,137 pounds), cruise 
Compound gross weight w a s  34,440 kilo- 

From 

The quiet  helicopter w a s  achieved through 

PIL contours during a take-off 

This is primarily because the compound must 

The re su l t s  of t h i s  study are  expected t o  form part  of a general broad- 
based analysis of all VTOL concepts. The baseline DOCS of 1.973 cents p e r  
seat kilometer (3.174 cents per s ea t  s t a t u t e  mile) for  me helicopter and 
2.051 cents per s ea t  kilometer (3.30 cents per seat  s t a t u t e  mile) for  the 

iii 



compound arc about 20% above those for  current f ixed wing shorthaul coamaercial 
a i r c r a f t  of s imi la r  s ize .  Hawever, through use cif small city-center V-ports, 
the  VTOL aircraft offers t h e  business t r ave le r  substant ia l  reduction i n  access 
cost and time, an3 w i l l  d iver t  air t r a f f i c  f'ram congested CTOL f a c i l i t i e s .  In 
suburban loca l i t i e s ,  the VTOL machine presents the opportunity t o  move more 
people per  un i t  t i m e  per wit of terminal area than e i the r  CTOL or  STQL air- 
c ra f t ,  because many simulteneous landing and take-off operations can take place. 
This independence from prescribed runways eliminates the  problems of t r a f f i c  
holding, either on the ground or i n  the air, typ ica l  of today's CTOL airports.  
The VTOL a i r c r a r t ,  therefore, represents a competitive and highly marketable 
mode  of transportation when compared w i t h  ex is t ing  in te r -c i ty  systems. 

~ ~ 

263'11 (58.l.37 l b )  

15592 (3b.37L lb)  

loo 

28.1 (92.2 ft) 

L1.5 (8.5 pf) 

10753 (10.605 hp) 

89 (173 kt) 

1219 tho00 ft) 

FLY-BY-HIW 

6 - m S T  
SINGIZ AI% 

222.5 (730 .'PSI 

93.5 

70 

.195 (.0?5 SQ. mi) 

.I63 (.OS3 aq. mi) 
15bb (3LI)b l b )  
1.331 

1.9f3 (3.17U/acmt mile) 
2.153 (3.46h#lrcat mile), 

83 

(YI(POUD 

34440 ('15.926 l b )  

22482 (49.56b l b )  

100 

26.5 (88.4 It) 

58.7 (12 p a l )  

22287 (21.979 hp) 

418 (85.5 

129 (250 kt) 

h267(1LMK) rt) 

PROP-PARS 

?LT-BY-UIE 

6 -AB- 
SQGIE AISU 

210.3 (690 fp) 

95 

70 

i v  



Forward . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ii 
swnmary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iii 
List of I l lus t ra t ions  . . . . . . . . . . . . . . . . . . . . . . . . .  v i i  
List of Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1.0 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
2.0 Design Guidelines and ~ s s m p t i o n s  . . . . . . . . . . . . . . . . .  4 

6 2.1 Mission and Econcmics . . . . . . . . . . . . . . . . . . . .  
2.2 Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

2.2.1 Internel  Noise . . . . . . . . . . . . . . . . . . . .  7 
2.2.2 External Noise . . . . . . . . . . . . . . . . . . . .  9 

2.3 S tab i l i ty  and Control . . . . . . . . . . . . . . . . . . . .  
2.4 Technology . . . . . . . . . . . . . . . . . . . . . . . . . .  10 

2.4.1 Size . . . . . . . . . . . . . . . . . . . . . . . . .  10 
2.4.2 Performance . . . . . . . . . . . . . . . . . . . . . .  13 
2.4.3 MSSS Properties . . . . . . . . . . . . . . . . . . . .  15 

3.2 Mass Properties . . . . . . . . . . . . . . . . . . . . . . .  23 
3.2.1 Weight . . . . . . . . . . . . . . . . . . . . . . . .  23 
3.2.2 Balance and Loadability . . . . . . . . . . . . . . .  24 
3.2.3 Moments of Ine r t i a  . . . . . . . . . . . . . . . . . .  24 

3.3 Design Optimization and Trending . . . . . . . . . . . . . . .  28 

3.3.1.1 Disc Loading and Blade  Loading . . . . . . . .  28 
3.3.1.2 Cruise Altitude . . . . . . . . . . . . . . .  29 
3.3.1.3 Main Rotor Blade Twist . . . . . . . . . . . .  29 
3.3.1.4 Main Rctor Tipspeed . . . . . . . . . . . . .  29 
3.3.1.5 T a i l  Rotor Tipspeed . . . . . . . . . . . . .  29 
3.3.1.6 Nmber of Engines . . . . . . . . . . . . . .  29 

3.3.2 Compound . . . . . . . . . . . . . . . . . . . . . . .  33 

3.3.2.3 Main Rotor B l a d e  Twist . . . . . . . . . . . .  38 
3.3.2.4 Number of Engines . . . . . . . . . . . . . .  39 

3.3.2.7 Main Rotor Blade  Loading . . . . . . . . . . .  39 
3.4 Handling Qualities and Gust Sensi t ivi ty  . . . . . . . . . . .  

3.4.1 Handling Qualities Criteria . . . . . . . . . . . . . .  
3.4.2 Attitude Control Power . . . . . . . . . . . . . . . .  
3.4.3 LUW Speed Control . . . . . . . . . . . . . . . . . . .  51 

3.4.3.1 F l igh t  Path Control Power . . . . . . . . . .  51 
3.4.3.2 VTOL Approach . . . . . . . . . . . . . . . .  

3.4.4 VTOL Control system Lags . . . . . . . . . . . . . . .  52 
3.4.5 Hovering and Law Speed Stabi l i ty  . . . . . . . . . . .  52 
3.4.6 T a i l  Rotor Loss . . . . . . . . . . . . . . . . . . . .  52 

54 3.4.7 VTOL Takeoff and L a n P  q . . . . . . . . . . . . . . .  

x 

10 

18 
18 

3.0 Baseline Designs . . . . . . . . . . . . . . . . . . . . . . . . .  
3.1 Aircraft  Description . . . . . . . . . . . . . . . . . . . . .  

20 3.3.1 Helicopter . . . . . . . . . . . . . . . . . . . . . .  

3.3.2.1 Cruise Speed and Disc Loading . . . . . . . .  33 
3.3.2.2 Auxiliary Propulsion . . . . . . . . . . . . .  33 

3.3.2.5 Msin Rotor Tipspeed . . . . . . . . . . . . .  39 
3.3.2.6 T a i l  Rotor Tipspeed . . . . . . . . . . . . .  39 

42 
42 
43 

52 

V 



3.4.8 Cruise S tab i l i t y  . . . . . . . . . .  
3.4.9 
3.4.10 Force Change i n  Normal Operation . . 
3.4.11 Ride Qualities i n  Turbulence 

3.5 Baseline Aircraft Noise Characteristics . . 
3.5.1 Internal Noise - Helicopter . . . .  
3.5.2 Internal Noise - Compound . . . . .  
3.5.3 External Noise . . . . . . . . . .  

3.6 Performance . . . . . . . . . . . . . . . .  
3.6.1 

3.6.2 Autorotation . . . . . . . . . . . .  
3.7 Configuration Tradeoffs . . . . . . . . . .  

3.7.1 Helicopter . . . . . . . . . . . . .  
3.7.2 Compound . . . . . . . . . . . . . .  

3.8 Noise Sens i t iv i t ies  . . . . . . . . . . . .  
Sensit ivity of DOC t o  External Noise Constraint 
4.1 Technical Approach . . . . . . . . . . . .  

4.1.2 Compound . . . . . . . . . . . . . .  
4.2 Resnlts . . . . . . . . . . . . . . . . . .  
4.3 Effects on Handling Qualities . . . . . . .  

5.0 DOC Trending . . . . . . . . . . . . . . . . . .  
5.1 Range . . . . . . . . . . . . . . . . . . .  
5.2 Utilization . . . . . . . . . . . . . . . .  
5.3 Manufacturing Cost . . . . . . . . . . . .  
5.4 Fuel Cost . . . . . . . . . . . . . . . . .  

6.0 Technical Risk Assessment . . . . . . . . . . .  
7.0 Conclusions . . . . . . . . . . . . . . . . . .  
8.0 Recommendations . . . . . . . . . . . . . . . .  
9.0 References . . . . . . . . . . . . . . . . . . .  

Attitude Change i n  Normal Operation 

. . . .  

Aircraft Power Requirements and One . 
Inoperative Capability . . . . . .  

4.0 

4.1.1 Helicopter . . . . . . . . . . . . .  

. . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  
. Engine . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  . . . .  

. . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  - . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  

PAGE 

55 
55 
55 
55 
59 
59 
59 
59 
65 
65 

65 
74 
1 4  
76 
77 
84 
84 
84 
84 
84 
103 
105 
105 
105 
105 
105 
113 
114 

117 

. 

116 

vi 



LIST OF ILLUSTRATIONS 

TITLE . PAGE . 
1-1 
1-2 
2-1 
2-2 
2- 3 
2-4 
2- 5 

2-6 
2-7 

2-8 
2-9 
2-10 
3-1 
3-2 
3-3 
3-4 
3-5 
3-6 
3-7 
3-8 
3-9 
3-10 
3-11 
3-12 
3-13 
3-14 
3-15 
3-16 
3-17 
3-18 
3-19 
3-20 
3-21 
3-22 
3-23 
3-24 
3-25 

3-27 

3-29 

3-26 

3-28 

3-30 
3- 31 
3-32 

100-Passenger Commercial Helicopter I s m e t r i c  . . . . . . . . . .  2 

P r i m a r y  Design Guidelines . . . . . . . . . . . . . . . . . . . . .  5 
Primary Design Assumptions . . . . . . . . . . . . . . . . . . .  5 

Economics Assumptions . . . . . . . . . . . . . . . . . . . . . .  7 
Helicopter B a r e  Cabin Speech Interference Levels as a . . . . . .  

100-Passenger Commercial Compound I s m e t r i c  . . . . . . . . . . .  3 

Helicopter and Compound Mission Profiles . . . . . . . . . . . .  6 

hrnction of Installed Power . . . . . . . . . . . . . . . . . . .  8 
Commercial Soundproofing Efficiency . . . . . . . . . . . . . . .  9 
Weight Empty Contingency Assessment f o r  Technological Risk 
Associated with Size . . . . . . . . . . . . . . . . . . . . . .  12 
Baseline Engine Characterist ics . . . . . . . . . . . . . . . . .  13 
Percent Reduction i n  Compouent Weights Due t o  Advanced Technology 1 4  
Effects of Advanced Technology on Gross Weight . . . . . . . . .  15 
Baseline Aircraft  Primary A-btributes . . . . . . . . . . . . . .  16 
Baseline Helicopter 3-View . . . . . . . . . . . . . . . . . . .  17 
Baseline Compound 3-View . . . . . . . . . . . . . . . . . . . .  18 
Baseline Aircraft  Description . . . . . . . . . . . . . . . . . .  19 
Fuselage Section Cut . . . . . . . . . . . . . . . . . . . . . .  21 
Helicopter Drive System Schematic . . . . . . . . . . . . . . . .  22 
Conpound Drive System Schematic . . . . . . . . . . . . . . . . .  
Baseline Design Weight StatPment . . . . . . . . . . . . . . . .  23 
Hover C.G. Range . . . . . . . . . . . . . . . . . . . . . . . .  25 
Helicopter Balance and Loading Diagram . . . . . . . . . . . . .  26 
Compound Balance and Loading D i a g r a m  . . . . . . . . . . . . . .  27 
Helicopter . Selection of Main Rotor Gecunetrj 28 
Helicopter . Selection of Cruise Speed . . . . . . . . . . . . .  30 
Helicopter . Selection of Cruise Altitude . . . . . . . . . . . .  30 
Helicopter . Selection of Main Rotor Blade Twist . . . . . . . .  31 
Helicopter . Selection of Main Rotor Tipspeed 31 
Helicopter . Selection of Ta i l  Rotor Tipspeed 32 
Helicopter . Selection of Number of Engines . . . . . . . . . . .  32 
Compound . Selection of Disc Loading . . . . . . . . . . . . . .  34 
Compound . Selection of Cruise Speed . . . . . . . . . . . . . .  35 

Compound . Internal  Acoustj c Treatment . . . . . . . . . . . . .  37 
Cowound . Propeller/Fan Tradeoff . . . . . . . . . . . . . . . .  38 
C ound . Selection of Main Rotor Blade Twist . . . . . . . . .  40 
Compound . Selection of Number of Engines . . . . . . . . . . . .  40 
Compound . Selection of Main Rotor Tipspeed 40 
Compound . Selection of T a i l  Rotor Tipspeed . . . . . . . . . . .  41 
Compound . Selection of Hover Blade Loading 41 
Cross Reference t o  Study Guidelines Handling Qualities 
Requirements . . . . . . . . . . . . . . . . . . . . . . . . . .  42 
Control L i m i t s  . . . . . . . . . . . . . . . . . . . . . . . . .  43 
Control Derivatives . . . . . . . . . . . . . . . . . . . . . . .  44 
Baseline Helicopter Control Power . . . . . . . . . . . . . . . .  45 

. . .  

22 

. . . . . . . . . .  

. . . . . . . . . .  . . . . . . . . . .  

Compound . Selection of Fan Auxiliary Propulsion . . . . . . . .  36 

. . . . . . . . . . .  

. . . . . . . . . . .  . . . . .  

v i i  



LIST OF ILLUSTRATIONS (CONTINUEDL 

3-33 
3-34 

3- 35 

3-36 
3-37 
3-38 
3-39 

3- 40 

3-41 
3-42 
3-43 
3-44 
3-45 
3-46 
3-47 
3-48 
3-49 
3-50 
3-51 
3-52 
3-53 
3-54 
3-5 5 
3-56 

3-57' 
3- 58 
3-59 
3-50 
3-61 
3-62 
3-63 
3-64 
3-65 

3-66 

3-67 

3-68 

3-69 

PAGE 

Baseline Compound Control Power . . . . . . . . . . . . . . . . .  46 

After a Control Step Input . . . . . . . . . . . . . . . . . . .  47 

After a Control Step Input . . . . . . . . . . . . . . . . . . .  43 
Baseline Helicopter Control Powelr i n  225-KT Crosswind . . . . . .  49 
Baseline Compound Control Power i n  22 5.KT Crosswind . . . . . . .  50 
Longitudinal Acceleration Capability . . . . . . . . . . . . . .  51 

Longitudinal Step Input . . . . . . . . . . . . . . . . . . . . .  53 

Collective Step Input . . . . . . . . . . . . . . . . . . . . . .  53 

Helicopter Longitudinal S t a t i c  S tab i l i t y  . . . . . . . . . . . .  56 
Compound Longitudinal S t a t i c  S tab i l i t y  . . . . . . . . . . . . .  57 
Baseline Aircraft  Gust Sensi t ivi ty  . . . . . . . . . . . . . . .  58 
Helicopter . I n t e r n a l  Acoustic Treatment . . . . . . . . . . . .  60 
Helicopter . Cabin Soundproofing Density . . . . . . . . . . . .  61 
Baseline Helicopter External Noise Spectrum . . . . . . . . . . .  62 
Baseline Compound External Noise Spectrum . . . . . . . . . . . .  62 
Baseline Helicopter Takeoff PNL Contours . . . . . . . . . . . .  62 
Baseline Compound Takeoff PNI, Contours . . . . . . . . . . . . .  63 
Baseline Helicopter Landing PNL Contours . . . . . . . . . . . .  64 
Baseline Compound Landing PNL Contours . . . . . . . . . . . . .  64 
Baseline Helicopter Takeoff SENEL Contours . . . . . . . . . . .  66 
Baseline Compound Takeoff SENEL Contours . . . . . . . . . . . .  66 
Takeoff SENEL Compared with Camnunity Acceptance Criteria . . . .  67 

Helicopter Performance Summary . . . . . . . . . . . . . . . . .  t178 
Compound Performance Summary . . . . . . . . . . . . . . . . . .  69 
Helicopter Mission Analysis . . . . . . . . . . . . . . . . . . .  70 
Compound Mission Analysis . . . . . . . . . . . . . . . . . . . .  71 
Helicopter Autorotation Envelope . . . . . . . . . . . . . . . .  72 
Compound Autorotation Eivelope . . . . . . . . . . . . . . . . .  73 
Helicopter Configuration Tradeoff3 . . . . . . . . . . . . . . .  75 
Compound Configuration Tradeoffs . . . . . . . . . . . . . . . .  75 
Helicopter . External Noise vs  . Main Rotor Tipspeed, CT/a. 
and Disc Loading . . . . . . . . . . . . . . . . . . . . . . . .  78 
Helicopter . External Noise vs . Main Rotor Tipspeed. Blade 
Twist. and Number of Blades . . . . . . . . . . . . . . . . . . .  

Helicopter . External Nolse vs . T a i l  Rotor Tipspeed. Blade 
Twist. and Number of aides . . . . . . . . . . . . . . . . . . .  
Disc Loading . . . . . . . . . . . . . . . . . . . . . . . . . .  81 

. TITLE . 

Baseline Helicopter Maximum Angular Displacement One Seconfi . . .  
Baseline Compound Maximum Angular Displacement One Second . . . .  

Helicopter . Angular Acceleration Response t o  a -3-Degree . . . .  
Helicopter . Normal Load Factor Response t o  a -2-Degree . . . . .  
Short Period Longitudinal Characterist ic Roots . . . . . . . . .  54 

Reccmunended C iv i l  Helicopter Operations f o r  Determining . . . . .  
Aircraft Compliance with Noise Criteri ti. . . . . . . . . . . . . .  67 

. . .  

. . .  
78 

Helicopter . External Noise vs . T a i l  Rotor Tipspeed. Disc . . . .  
Loading. and CT/G . . . . . . . . . . . . . . . . . . . . . . . .  79 

80 
. . .  

Compound . External Noise vs . Main Rotor Tipspeed. CT/O.  and . . 

v i i i  



LIST OF ILLUSTRATIONS (CONTINUED) 

TITLE . PAGE . FIGURE 

3-70 

3-71 

3-72 

4-1 
4- 2 
4-3 
4-4 
4-5 
4- 6 
4-7 
4-8 
4-9 
4-10 
4-11 

4-i3 
4-14 
4-15 
4-16 
b-11 
4-18 
4-19 

4-12 

4-20 
4-21 
4-22 
4-23 
4-24 
4-25 
4-26 
5-1 
5-2 
5-3 
5- 4 
5- 5 
5-6 
5-7 
5-8 
5-9 

Compound . External Noise vs . Main Rotor Tipspeed. Blade . . . .  
Twist. and Number of Blades . . . . . . . . . . . . . . . . . .  81 
Compound . External Noise vs . T a i l  Rotor Tipspeed. CT/CJ. and . . 
Disc Loading . . . . . . . . . . . . . . . . . . . . . . . . . .  82 
Compound . External Noise vs . T a i l  Rotor Tipspeed. Blade . . . .  
Twist. and Number of Blades . . . . . . . . . . . . . . . . . .  83 
Helicopter Ekternal Noise/DOC Trending . . . . . . . . . . . . .  85 
Compound External Noise/WC Trending . . . . . . . . . . . . . .  85 
Quiet Helicopter External Noise Spectrum . . . . . . . . . . . .  87 
Noisy Helicopter External Noise Spectrum . . . . . . . . . . . .  87 

87 Quiet Compound External Noise Spectrum . . . . . . . . . . . . .  
Noisy Compound External Noise Spectrum 87 
Quiet Helicopter PNL Contours . . . . . . . . . . . . . . . . .  88 
Noisy Helicopter PNL Contours 83 
Quiet Canpound PNL Contours . . . . . . . . . . . . . . . . . .  90 
Xoisy Compound PNL Contours 91 
Quiet Helicopter Takeoff SENEL Contours 92 
Noisy Helicopter Takeoff SENEL Contours ., 92 
Quiet Canpound Takeoff SENEL Contours 93 
Noisy Compound Takeoff SENEL Contcws 93 
Study Aircraft External Noise vs Contour k e a  94 
Helicopter SENEL Contour Area vs . Community Acceptance Cr i te r ia  95 
Compound SENEL Contour Area vs . Community Acceptance Cri ter ia  . 9: 
Direct Operating Cost vs . Exterrlal Noise Restraint . . . . . . .  96 
Compound . Effect of Variable L d i s t  Blade on DOC/Noise . . . . .  
Comparison of Related 100-Passenger Desfgna . . . . . . . . . .  97 
Study Aircraft Weight Statements . . . . . . . . . . . . . . . .  98 
Quiet Helicopter 3-View . . . . . . . . . . . . . . . . . . . .  99 
Noisy Helicopter 3-View . . . . . . . . . . . . . . . . . . . .  100 
Quiet Compound 3-View . . . . . . . . . . . . . . . . . . . . .  lo!! 
Noisy Compound 3-View . . . . . . . . . . . . . . . . . . . . .  102 
Study Aircrsft Head Moment Constants . . . . . . . . . . . . . .  104 
Helicopter DOC vs . Range . . . . . . . . . . . . . . . . . . . .  1c6 
Compound DOC vs . Range . . . . . . . . . . . . . . . . . . . . .  107 
Block Time vs . Range . . . . . . . . . . . . . . . . . . . . . .  108 
Block Fue lvs  . Range . . . . . . . . . . . . . . . . . . . . . .  108 
Helicopter and Compound WC vs . Utilization . . . . . . . . . .  109 
Helicopter DOC vs . Manufacturing Cost . . . . . . . . . . . . .  115 
Compound DOC vs . Manufacturing Cost . . . . . . . . . . . . . .  110 
Helicopter DOC v8 . Speed and Fuel Cost . . . . . . . . . . . . .  121 
Campound DOC vs . Speed an6 Fuel Cost . . . . . . . . . . . . . .  112 

. . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . .  Relationship 3s 

i x  



LIST OF SYMBOLS 

A I A  

An 

A1 S 

afp 
B 

B, 
-S 

b 

C 

CARD 

CTOL 

CT/o 

C 

DOC 

DL 
db 

dbA 

EPNL 

FH 
FSCG 

Gw 

g 
H 

HP 

HLIi 

I X X  

I x z  

I 
YY 

Aerospace Industries Associates 

Acceleration normal t o  a i r c r a f t  longitudinal axis, d m c -  
Main rotor  lateral cyclic blade pitch angle measured i n  s h e i t  
axis system, cosine term of Fourier series representation of 
blade pi tch angle, posi t ive f o r  s t i ck  r igh t ,  deg. 

Acceleration along the a i r c r a f t  f l i g h t  path, m/sec2 

Baseline 

Main rotor longitudinal cyclic blade p i t ch  angle meamre& i n  tlre 
shaf t  axis system, sine term of Fourier series repreeentation 
of blade pitch angle, posi t ive f o r  s t i c k  forward, deg. 
Number rotor  blades 

2 

Compound 
Civil  Aviation Research and Development 

Conventional Take-off or Landing 

Main rotor  thrust  coefficient i n  the shaf't axis system, posi t ive 

B l a d e  chord, m 
Direct Operating Cost, cents/seat-Km 

Main rotor d i sc  loading, GW/nR2 

Decibel 

Pecibel A-weighted 

Efferltive Perceived Noise Level 
Flight-Hour 

Fuselage Station of Center of Gravity, cm 

Aircraft  Gross Weight, kg 

Acceleration due t o  gravity 

Helicopter 
Horsepower - U.S. 
Hertz frequency, cycles/sec 

Heavy L i f t  Helicopter 

Mass moment of i n e r t i a  of a i r c r a f t  about the principal fuselage 
longitudinal axis without main rotor blades, kg-cn-sec2 

Cross product of i n e r t i a ,  kg-cm-sec2 

UP, T / W T R * ( Q R ) ~  0 

Mass ;.,.uent of i n e r t i a  of d r c r c f t  about the principal fuselage 
latera: Lxis without main  rotor  blades, kg-cm-sec2 

X 



ZZ 
I 

T i 

K 
g 

Kgr 

M 
MH 
mHP 
N 

z 
NZ 
OEI 

OGE 

FNdB 

PNL 

P 

Q 
Q 
4 
R 

RSRA 

r 
SAS 
SENEL 

T 

TBO 

TF 

'de 
V 

V/STOL 

VTOL 

Mass moment of I .ertia of a i r c r a f t  about the pr incipal  v e r t i c a l  
axis without main rotor  bl-des, kg-cm-sec 
Horizontal t a i l  incidence, degrees 

Fuselage wing-body gust al leviat ion factor  

Rotor gust al leviat ion f ac to r  

Day-night noise l e v e l  

Fuselage ro l l i ng  moment 

Fuselage pitchin? moment 

Man-hour 
Horsepower - metric 

Noisy 

Fuselage yawing moment 

AircrafX load factor ,  g's 

One engine inoperative 

Out-of-ground e f f ec t  

Perceived Noise Level , decibels 

Perceived Noise Level 

Fuselage r o l l  rate - angular velocity, rad/sec 

Qui et 
Fuselage pitch rate - angular velocity, rad/sec 

Fuselage pi tch acceleration - angular acceleration, radloec 

qotor radius, m 
Hotor System Research Aircraft  

Fuselbge yaw rate - angular velocity,  rad/sec 

S tab i l i t y  Augmentation System 

Single Event Noise Energy Level 

Rotor t h rus t ,  kg 

Single propulsor t h rus t ,  kg 

Time between overhauls 

Thrust factor 
Derived gust velocity,  m/nec 

Aircraft  forward speed, m/sec 
Vertical/Short Take-ufP o r  Landing 

Vertical  Take-off or  Landing 

2 

2 

xi 



'BR 

vx 

vz 

V Y 

Z/D 
a 

S 

*B 
&3 
5 

P 
U 

e 

Best Range Speed, m/sec 

Component of forwcrd speed along the fuselage, x-axis, n/sec 

Cohponent of forward speed along the fuselage, y-axis, m/sec 

Component of forward *peed along the Fuselage, z-axis, m/sec 

Ratio of fuselage/f;ropulsor clear.mce t o  propulsor diamoter 

Main i*otor shaft incidence angle, degrees 

Bods' !iideslip angle, degrees 

R o : w  blade pitch-fl&p coupliiig sngle , degrees 

Damping r a t i c  

M a s s  density of air 

Rotor s o l i d i t y  r a t i o ,  bc/rR 

Fuselage p i t ch  angle, degrees 
Fuselage p i t ch  r a t e ,  degrees/sec 

Main ro to r  blade col iect ive p i t c h  at  the center of rotation 

T a i l  rotor  blade pi tch a t  .75R 
Fuselage roll a t t i t ude  
Fuselage yaw a t t i tude  

Rotor angular velocity 

Rotor tipspeed r a t i o  R/Q0 
Rotor angular velocity at  desigii speed 

Undamped natural  fyequency 

x i i  



A VTOL air transportation system operating i n t o  the demand centers of air 
t rave l  offers a possible solution for the  problem of choked air f a c i l i t i e s .  
With its excellent maneuverability at l o w  speeds and its a b i l i t y  t o  hover, a 
VTOL a i r c ra f t  cau use small city-center V-ports, thereby promising reduction 
of access cost and t i m e  f o r  passengers and diversion of air t r a f f i c  from con- 
gested CTOL airports.  It also enables more e f fec t ive  use of suburban f a c i l i -  
t i e s  because of accelerated passenger rate per unit t i m e  per uni t  of t e r r a i n  
area used, and fmedom from prolonged traffic holdings. 
offer the a i r l i n e  a city-to-city network with passenger appeal superior t o  t h a t  
of the  equivalent CTOL system. 
reduced t r i p  t i m e ,  which is of predominant impartm ce t o  business t rave lers .  

Such a system w i l l  

The p r i m  advant.lge of t:-e VTOL system is  

To enable meaningful comparison of cmipetitive VTOL concepts, it is 
desirable t h a t  each should represent reasanable technological goals t o  be 
achieved i n  a given timeframe, and t h a t  each should r e f l ec t  equivalent tech- 
nology advance fran the current state of t he  art. 
operational costs generally decrease with vehicle s ize ,  or passenger payload. 
Establishment, then, of the  nmxinnm viable s i z e  of each concept techn-logically 
feasible  within the  given timeframe has a fundamental bearing on the results 
of a transportation systems study. The primary objective of t h i s  study was t o  
perform a conceptual design of helicopter (Figure 1-11 and campound hel icopter  
(Figure 1-2) t ransports ,  of a s i z e  considered technologically feas ib le  for 
i n i t i a l  fabrication i n  1980. 

For transportation systems, 

Previous general VTOL transportation system s tudies  have analyzed route 
structures and compared the operational economics of each concept, but have 
tended t o  ignore the environment e f fec ts  CP external  noise. Yet noise l eve l  
is a primary concern t o  VTOL operators i n  downtam areas. 
noise within acceptakze limits w i l l  d ic ta te  select ion of l i f t  and propulsion 
system components and may require special  powerplant noise suppression equip- 
ment and constraints on operational techniques. It is essent ia l ,  therefore ,  
t o  assess the e f fec ts  of noise l eve l  regulations on commercial 'DOL a i r c r a f t  
design. 
the a i r c ra f t  i s  not unduly compromised by t he  designer i n  attempting t o  con- 
form wf t h  an overly rigorous or unrepresentative regulation. 
i n  t h i s  study was  the select ion of such an external  noise r e s t r a in t  as a 
design groundrule f o r  the  subsequent study. 

Containment of 

A meaningful noise limit cr i te r ion  must be established t o  assure tha t  

An i n i t i a l  t a s k  

The secondary objec;ive of t h i s  study was t o  parametrically deternine the 
effect  of a selected noise c r i te r ion  on helicopter and compound designs, in 
part icular  on a i r c ra f t  gross weight, performance, d i r ec t  operating cost and 
technical r i sk .  each con- 
sisting of a baseline design plus two designs constrained by noise levels 
above and belaw the  selected noise c r i te r ion ,  but otherwise offering t h e  same 
handling qua l i t i e s ,  payload, and mission capability. I n  addition, compliance 
with the  community acceptance c r i t e r i a  established i n  a recently completed 
study by Sikorsky fo r  NASA/Langley, Reference 1, wa8 assessed. 

Families of these two YTOL a i r c r a f t  were derived, 
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2.0 DESIGN GUIDELINES AND ASSUMPTIONS 

For each VTOL concept, a related family of three a i r c r a f t  was required, 
each designed t o  a different external noise l i m i t  level .  To facilitate iden- 
t i f i c a t i o n  of each design, the following nomenclature was adopted: 

Configuration : 

H - Helicopter 
c - Coaapound 

Qualifier : 

B - Baseline 
Q - Quiet 
N - Noisy 

"he l eve l  of e f fo r t  expended i n  performing the sens i t i v i ty  and trade-off por- 
t ions of the s tv ly  (&Ei, NH, QC, and NC des ims)  was approximately equal t o  the 
e f f o r t  expended in determining the BH and BC designs. Thus the baseline air- 
c r a f t  are defined i n  greater d e t a i l  than the other members of each related 
family. The s+:idy sequence is summarized as follows: 

. 

. assess technological r i s k  as a m c t i o n  of a i r c r a f t  s i z e  

. establish acoustic analysis methodology 

. 

r e v i e w  study guidelines (Reference 2) 

( payload volume) 

rierive BH and BC designs as required t o  minimize DOC, and 
establish sens i t i v i ty  of DOC t o  changes 'in major design parameters 

establish baseline external noise levels  and sens i t i v i ty  of noise 
l eve l  t o  major design parmeters  

noise goals at minimum possible DOC 
select  sets of rotor  parameters BS predicted from DOC and noise 
sens i t i v i ty  analysis,  i n  order t o  achieve &H, NH,  QC, and N C  
designs with minimum DOC f o r  these par t icular  noise c r i t e r i a  

. 

. adjust BH and BC designs, as appropriate, t o  achieve baseline 

. 

The primary study guidelines are l is ted i n  Figure 2-1. The f irst  con- 

The selected baseline external noise limit at  a 150 meter (500 
This is appropriate because (1) it has been sug- 

s ideration f o r  deriving the baseline a i r c r a f t  was t o  minimize Direct Operating 
Cost (DOC). 
foe,) sideline was 95 PNdB. 
gested as a possible ce r t i f i ca t ion  level ,  and ( 2 )  it enables compliance with 
the community acceptance c r i t e r i a  a t  most typical  hel iport  locations considered 
f o r  the studies recently completed under contract from NASA/Langley , Reference 
(1). 
consistent with current fixed-wing je t  design practice.  The guideline of 
fixed rotor geometry precluded consideration of variable t w i s t  and variable 
diameter compound concepts i n  t h i s  study. 
innovations could s ignif icant ly  reduce compound DOC, because they provide 

The cabin internal  speech interference l eve l  i n  cruise of 70dB PSIL is 

( I t  is  believed t h a t  e i the r  of these 
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campatibility of hover performance and low noise requirements with l a w  rotor 
drag characteristics i n  cruise f l ight . )  
Figure 2-2. 

Primary assumptions are listed i n  

1 PASSENGEIE 100 MAXIMUM 
STAGELEH(;TH 200 N.M. 
V CRUISE MINIMUMMX:' 
HOVER OUT OF GROUND EFFECT, 

Om ENGINE IIOWERATIVE, 
e SEA UVEL 32.2w(9O0F 

95 ma 500-13 s m u m  
I N I T I A L  FABRICATION 1980 (INTRODUCTION TO 

SERVICE I N  1985) 

70 PSIL I N  CRUISE 
EXTERNAL NOISE 
INTEIllPAL NOISE 
CABIH vmmmoN .05 g 
ROTOR FIXED GEOMETRY 
AIRCRAFI OPTIMIZATION MINIMUM DOC 
CRUISE ALTITUSS MIHIMUM DOC 
* OR OlRIER CONSIIIERATIOIV AS APPROPRIATE 

k 
EQUIPMENT : 

ACOUSTICS : . 10 dB INTERNAL NOISE REDUCTION FROM TRANSMISSION ISOLATION . 

. AS FOR EASTERN AIRLINES NORTH-EAST CORRIDQR STUDY (REFERENCE 6 )  

TATL ROTOR NOISE REDUCTION FOLLOWS CURRENT MAIN ROTOR TRENDS 

FICURE 2-1. PRIMARY DESIGN GUIDELINES 

- ~~ 

WEICHTS: 
, 25% OF STRUCTURAL WEIGHT SAVING THROUGH USE OF CoMposITE I 

I MATERIAIS 

FIGURE 2-2. PRIMARY DESIGN ASSUMPTIONS 
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2.1 Mission and Economics 

Figure 2-3 shows the helicopter and compound mission p ro f i l e s  and cruise  
a l t i t udes  selected f o r  the baselirie designs. Distances traveled during 
acceleration, climb, and descent are credited toward the 370 kilometer (200 
naut ical  mile) stagelength. 
(500 f’pm) and 1.52 m/sec (300 Q m )  f o r  t he  helicopter,  for  which the cabin i s  
not pressurized. 

C l i m b  and descent rates w e r e  limited t o  2.54 m / s e c  

NASA HELICOPTER MISSION 

RESERVE. 20MIN LOlTER,1219M(40001STD + 
926KM(50NM), 1219M(40007STD 

1/2 MIN 

S L 32 PC(9o.F) 370~y(200 N.MILE 

WSA COMPOUND M ISSlpbl 
CRUISE 

HELIPORT 

CLIMB DESCEND 

YINEUV. 
1.5 MIN 

MANEUV. W2 MIN ACCEL. RESERVE: 20MIN LOITER, 1524M(5OOO’)STD + r; DESCEND 

TAX <F ’ 92 6 KM(5ON.M.1, l524M(WOO’)STD 
iMlN 112 MIN I M I  

370KY(200 N. MILE9 
SL 3 2 T c ( 9 0 W  

HELIPORT 

FIGURE 2-3. HELICOPTER AND CWOUND MISSION PROFILES 

The krospace Industries Associates (AIA)  cost model was used t o  compte 
DOC. 
developed i n  1968 by Aerospace Industry representatives with coordination by 
the Vertical  L i f t  Aircraf’t Council of the Aerospace Industries Association, Inc.  
Where appropriate, other factors ,  such as f u e l  econmw , vehicle p r o d u c t i d 9  , 
or  design f e a s i b i l i t y ,  were used i n  preference t o  the absolute minimum DOC 
point. 
Airframe price and vehicle u t i l i z a t i o n  r a t e  were trended from the baseline 
values shown. 

This method f o r  evaluating direct  operating cost (Reference ( 3 ) )  w a s  

Figure 2-4 shows the assumptions made fo r  input t o  the A I A  cost model. 
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YEAR DOLLARS 

AVIONICS PRICE - $/A/C 

AIRFRAME PRICE - $/LB 
DYNAMIC S Y S T M  PRICE - $/LE 
ElsGIBE PRICE - $/RATED SKP 
CREY COSTS - S/m 

NEL - $/LB 
O I L  - $/LB 
UOlMYENUE FACTOR 

W R  UTE - S/HR 
A I F E M  LABOR - W/FH 

A I R F W  MTERXAL - S/FH 
R i G I U E  IABOR - MH/FH 

LNGIXE HATERIAL - $/FH 
ENGINE TBO-HR 

DYAANIC S X S T M  LABOR - MH/FH 

DYNAMIC SYSTEX M A m A L  - $/FH 
DYNAHIC S Y S P M  TBO-HR 
MAIATEnANcE BuR3EA 

DEPRECIATION PEFlOD - YEARS 

SPARES 

AIRPRAIIE 
ENGINES 

DYNAMIC S Y S P M  

L?l'ILIUTIOI - HOURS 

1974 

250.000 
110 (TREIIDED) 

80 
280 (KP.785) 

+ 13h 
lo00 

- 02 
1.2k 

21 
6.0 
1.0 A I A  

1.0 AIA 

.65 A I A  

.65 M A  

4500 

A I A  

A I A  

3000 
150% DIRECT IAB( 

12 

0 
40 

25 
2500 (TREXDED) 

FIGURF, 2-4. ECONOMICS ASSUMPTIONS 

2.2 Boise 

2.2.1 ln t s rna l  Noise 

Study guidelines d i c t a t e  t ha t  i n t e rna l  noise is t o  be no higher than 70 dB 
in the Preferred 9 e e c h  Lnterference @vel (PSIL) throughout the cabin during 
cruise,  and no more than 75 dB PSIL during takeoff. These requirements have a 
primary e f f e c t  on a i r c r a f t  design, necessitating proper transmission acoustic 
isolat ion,  cabin w a l l  soundproofing and, i n  the case of the campound, careful 
selection of auxiliary propulsion. 

Helicopter i n t e rna l  noise in  the Speech Interference Level region is 
almost exclusively controlled by noise generated by the d n  trensmiseion. 
This occurs at gear meshing frequencies end is primarily pure tone noise. 
ye t ,  the analyt ical  a b i l i t y  t o  accurately predict  tranamiesion noise has not 

AB 
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been perfected. 
with ins ta l led  power. 
measured a i r c ra f t  data,  can be used with confidence. 

However, Figure 2-5 shows how bare cabin PSIL general&- trends 
For preliminary design purposes t h i s  curve, derived from 

F I m  2-5. EiELICWTER BAlE CABIN SPEEXEi I lWEXlFXI?~  
LEXELS AS A ~ C T I O F J  OF IIOSTALLED POWER 

The soundproofing required t o  meet t h e  specified noise levels  must gener- 
ally be designed in detail  i n  order t o  account for  a l l  noise sources and t o  
minimize acoustic leakage. For preliminary desi@ purpo8es, it is possible t o  
use a generalized trending curve developed fkom measured heU,gter noise data. 
Figure 2-6 shows t h i s  trend based on current (1972) camnercial design techniques 
and on advanced (1976-1980) technology design techniques. The advanced tech- 
nology curve is based on laboratory t e s t s  of newer materials and techniques. 
This includes in tegra l  t r i m  and acoustic panels u t i l i z i n g  f loat ing septum i n  
open c e l l  foams and effect ive acoustic isolat ion of a l l  panels ?ran the dr -  
frame. It is  obvious t h a t  i f  PSIL reductions 
required, very heavy soundprooiing w i l l  be necessaxy. 

on the  order of 30-40 dB are 

The required soundproofing weight can be reduced by t rea t ing  the primary 
source of the noise, the xnain trsnsmisslon. 

Reduction in  cabin noise (PSIL) of about 23 dB can be achieved by an 
accumulation of the following design techniques: 

(a)  
(b) 

Acoustically pheecd planetery gear rets (about 7 dB). 
Darnping of larger spur snd bevel gears (about 6 dB). 

a 



( c )  Transmission isolat ion at acoustic frequencies (about 10 a). 
These methods have been tested i n  pract ice ,  BB discussed in References 7 and 8. 
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2.2.2 External Boise 

The selected external uoise design requirement i s  that the noise level 
150 meters (500 f ee t )  t o  the side of the  baseline aircraft should not exceed 
95 PNdB. The quiet  and noisy designs were t o  be approximately 5 PBdB quieter  
and nois ier ,  respectively. In  addition, a comparison was undertaken i n  t h i s  
study of the a i r c r a f t  noise with community acceptance guidelines developed by 
W c h  end King in Reference 1. 
i n  a typ ica l  c i v i l  operation, such as a i r c r a f t  noise duration and spec t r a l  con- 
t e n t ,  time of dw, type of neighborhood, and number of operations a day. 

This c r i t e r ion  involves all factors  present 

The assumption is made that 19& technology components w i l l  be available 
For the turboshaft engines, t h i s  means 

This assumption is based on the r e su l t s  of the NASA Quiet Engine 

for the vehicles under consideration. 
a noise l e v e l  approximately 5 PlQdB lower than a current engine of comparable 
horsepower. 
Program and the r e su l t s  of a j o i n t  DCW-IASA Civi l  Aviation Research and Develop- 
m e n t  Study (CARD study) postulating a reduction of 10 dB a decade i n  engine 
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noise. 
t o  lower core engine noise by 5 PNdB by 1980. 

Also, Reference 9 states t h a t  modest technology advances are expected 

For rotors,  1980 technology means use of advanced rotor geometry, employ- 
ing sophisticated a i r f o i l s ,  special  t w i s t  distribution, and new t i p  designs. 
Many of these concepts have already been tested, and confidence is high i n  the 
ab i l i t y  t o  predict  t h e i r  noise accurately. 

2.3 Stabili ty and Control 

The helicopter and compound helicopters were designed t o  meet the specific 
requirements of Appendix A of Reference 2 as amended by the guideline review 
coordination meeting held at NASA/Ames on February 11 and 12, 1974. 
10 also was considered consistent w i t h  the requirements of Reference 2, quan- 
t i t a t ive  dynamic s t a b i l i t y  and flying qua l i t i es  analysis w e r e  conducted. 

Reference 

2.4 Technolow 

2.4.1 Size 

In order that  the results of this study can be used in conjunction w i t h  
other WOL design studies,  it is desirable that each design represent com- 
parable advances in materials and component s ize  in  relation t o  previously 
manufactured hardware. 
can be manufactured at  a reasonable cost, on a reasonable schedule, and with 
acceptable risk.  Component s i ze  can be regarded as one facet of technological 
advance. 
the largest gross weight aircraft 
resulted i n  significant productian overweight above the predicted value. 
has been contributed by unforeseen manufacturing d f f i c u l t i e s  i n  fabricating 
large pieces of hardware, weight penalties t o  ovrercome unforeseen development 
problems, and additional fue l  because of optimism i n  predicting forward f l ight  
performance. 

Technological advances must r e su l t  i n  prodiicts t ha t  

Hiatorically, gross weight growth above a factor of about 2.5 times 
of a similar type previously bu i l t  ha8 

"his 

The problem is rea l ly  not one of scaling alone. The larger vehicle might 
optimize at a different rotor configuration (different rotor disc loading, 
so l id i ty ,  blade number, blade t w i s t ,  e t c .  ) , perhaps beyond the range of ptwa- 
meter canbinations f o r  which erperience ex is t s .  

Performance and noise requirements d ic ta te  t h a t  t he  scaling up i n  s ize  
must necessarily occur at  8 f a i r l y  constant blad2 t i p  Mach number. 
s tan t  diec loading, the  square-cube relationship would predict  intolerable 
increases i n  rotor and drive system w e i g h t .  Also, constant disc loading would 
impme large penalties on fuselage length and w e i g h t ,  i n  the case of a single- 
rotored or tandem-rotored a i r c r a f t .  I n  the  case of a side-by-side rotor con- 
figuration, the rotor size 
tha t  8 scaling up of rotorcraft  at the same blade t i p  Mach number requires 
higher rotor disc loading. 
by adding chord fo r  the same number of blades (lowering aspect r a t io ) .  
example, i n  the case of the scaling up from the XH-51A with 3 blades and 1583- 
kilogram (3500-lb) groes weight l o  the AH-56A w i t h  4 blades and 8301 kilograms 

For con- 

affects the wing span and weight. 

Blade loading I s  limited by adding blades and/or 

It follows then, 

For 
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(18,300 l b )  gross weight, the ro to r  diameter w a s  increased fram 10.67 m (35 f t )  
t o  15.61 m (51.2 ft) and the rotor d i sc  loading f r o m  17.57 (3.6) t o  43.43 kg/sq m 
(8.9 lb/sq ft). This w a s  only possible with a much higher blade so l id i ty  r a t i o .  
The resul t ing much lower blade aspect r a t i o  of the AtI-56A w a s  one of the reasons 
why the scaled up gyro-control system did not perform as w e l l  as in the XH-5lA. 
As this example shows, a 5-to-1 scal ing up of the gross weight, fram a previously 
largest  rotorcraft  of similar configuration w i l l  result i n  radically different  
ro to r  geometry, with as much ti8 twice the blade so l id i ty  and rotor  disc loading. 
This magnifies any problem related t o  rotor  dawnwash impingement. 

Aeroelastic problems of the scaled-up rotorcraf t  w i l l  be quite different  
Because of the lower blade aspect r a t i o  from those of a much smaller design. 

or higher blade so l id i ty  r a t i o ,  
nature of any aeroelastic problem varies s ignif icant ly  with blade Locke number. 

the blade Locke number w i l l  increase. The 

From the point of view of vibration control,  the scaled-up rotorcraf t  w i l l  
operate ent i re ly  outside the spectrum of a much smaller ro to rc ra f t  design. 
The rotor  rpm w i l l  be much lower, so t h a t  the rotor  modes w i l l  have corres- 
Dondingly lower frequencies. With respect t o  vibrations,  it is exceedingly 
d i f f i c u l t  t o  avoid wing resonances over the wide operational rpm range of an 
in-f l ight  variable rpm rotor  system. 

The CH-53E, with a 24.08-meter (79-foot) rotor diameter and 11509 metric 
horsepower (11,350 horsepower) gearbox, has already flown at more than 31,750 
kilograms (70,000 pounds) gross weight. It w a s  therefore considered t h a t  the 
commercial helicopter peyload size should be the 100-passenger limit imposed 
by the study groundrules, with l i t t l e  or no technical r i sk .  For the compound, 
the implications of a 34,000-kilogram (75,000 pound) a i r c r a f t  were not as w e l l  
defined. Althoug? the compound does not include any single innovative l i f t  
system element, t he  wing/rotor combination has been operated a t  high speed only 
on a re lat ively small prototype a i r c r a f t ,  such as the  8618-kiiogram (19,000- 
pound) NH-3. 
flying as a 13,154-kilogram (29,000-pound) compound helicopter,  providing a 
thorough understanding of compound f l i gh t  up t o  300 h o t s .  
provide a scale  factor  of about 2.6 t o  a 34,000-kilogram (75,000-pound) 100- 
passenger commercial compound, considered a j u s t i f i a b l e  tachnology advance w j  th- 
out high r i s k .  

By 1976, the Rotor Systems Research Aircraft  (SSRA) w i l l  be 

This a i r c r a f t  would 

Extrbpolation of a configuration t o  larger  size is usually possible, 
technfcally . That i s ,  no Fundamenttrl laws prevent the development. However, 
the larger t h e  extrapolation, the greater the uncertainty of the predicted 
weights and performance of the resul tant  a i r c r a f t .  Weight penalt ies fo r  
solving unknown problems cannot be estimated - i n  f a c t ,  i n  preljmhazy design 
there is a tendency t o  ignore these penalties.  

A s t a t i s t i c a l  method waa derived t o  create a weight empty contingency 
function varying with gross weight growth factor .  
t a t i v e  of the growth, 
s t u d y ,  compared with the largest  a i r c r a f t  previously b u i l t  of a similw 

This factor is represen- 
in  terms of' gross weight, of the conceptual design under 
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configuration. 
of  manufectured helicopters. 
This 
copter design computer model, can be used t o  predict  weight contingencies f o r  
other configurations of VTOL a i r c r a f t .  Thus, VTOL configurations of similar 
passenger capacity c m  be meaningfully compered, w i t h  t h e i r  respective DOCS 
adjusted f o r  technologicel r i s k  by way of the weight contingency. 
predicted a weight contingency of about 0.12% of w e i g h t  e w t y  for the  study 
baseline hel icopter ,  and about 1.6% of weight empty f o r  the canpound. 

The method of Reference 11 was used, based on a large number 
The resu l t ing  curve is shown i n  Figure 2-7. 

relationship, which wae added t o  the  weight trending sectlon of t he  he l i -  

This method 
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2.4.2 Performance 

Perfcrmance evaluation w a s  based on staudard methodology, References 4 and 
5 ,  ci th technology leve l  adjusted for  a production a i r c ra f t  i n  1985. 
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It  

Auxiliary propulsion performance for the compound a i r c ra f t  i s  rased on 
published data fo r  the Hamilton Standard &-fanm concept which has been demon- 
s t ra ted  under test  conditions, References 12 and 13. 
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2.4.3 Mass Properties 

The gross weights of the h2licoFter and caapound baseline designs w e r e  

The 
esi;imated taking in to  account the technological advances in  s t ructure ,  controls, 
and equiprent tha t  should be available by the  early nineteen-eighties. 
percentage reduction in corpoaent weights and a brief  description of the mater- 
ials technology required t o  achieve these weight reductions are shown i n  
Figure 2-9. 
HASA. 

These percentage weight reductions were taken i n  agreement with 

The effects of advances in technology on the  gross weight of the  two 
baseline designs are shown in  Figure 2-10. 
s d u t i o n  t o  the baseline desiep would have a gross weight 10% higher fo r  the  
helicopter and l2% nigher for  the canpound. A 1985 solution, when campared 
with the baseline, would have a gross veight 4% less fo r  the helicopter and 
5% less  for the compound. 
forseeable w e i g t t  saving techniques for t ha t  timeframe. 

In t h i s  figure, a current technology 

These 1985 technology solutions take advantage of 
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FIG'% 2-10. EF: 'S OF ADVANCED TEcfzNOLocY ON CROSS WEIGHT 



3.1 Aircraf% Description 

Figure 3-1 s e i z e s  the primary attributes of the baseline helicopter 
and canpound designs. 
described in detail in Figure 3-4. 

FigWeS 3-2 and 3-3 ere three-views of the two aircraft, 

HOVER TIPSPEED, mlsec 

EjX’ERNAL NOISE. PNdB 
(150-acter sideline) 

IRPEPJAL NOISE. PSIL 

95 PlldB FooTpflIllT AREA, 
km* 
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Dcc. (/.est km: 

310 h (200 n.m.) 
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87 
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70 
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.058 

.I56 sa. mi) 

5379 la) 
,088 sq. lli) 

FIGURE 3-1 BASELINE AIRCRAFT PRIMARY ATTRIBUTES 
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Hydraulic. 
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FIGURE 3-4. (COHTIlKlED) 

20 



A fbselage section cut, identical for all designs described i n  this report, 
is gi- in figure 3-5. AU drsims ham canted tdi rotc-/ran c ~ f i g w a t i a a s .  
Thio feature proviibes a siepaificant w e i a t  saving advantage becarrse of the 
canponent of tail lift in hover. 
needed forward to maintain the aircraft center of gravity under the main rotor 
head. 
rotor diameter, a dnimum amunt desirable t o  supprtss noise generated f'ram 
interference between the two flowfields. 

Without this, a ntselegc extension would be 

Separetioa betveen main and tail rotor t i p  paths is 7 percent of tail 

BL 
0 

F I W  3-5. FVSELAGE SEXTI(III CUT 
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Drive’ syetem schematics are shovn in Figures 3-6 eaC 3-7. 

FIGURE 3-6. HELICWTE3 DRIVE S STEM SCHEMATIC 

FIGURE 3-7. COMPOUVD DRIVE SYSTEM SCHmTIC 
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3.2 Mea8 h ' O = f i i e S  

3.2.1 U e i b t  

The Veiet estiaratee for  both baseline deeigne, Figure 3-8, are based as3 
s t a t i s t i c a l  or semi-analytical weight equations for  all s t ruc tura l  and dynamic 
components. 
t o r i c a l  data base, which includes wer 40 lsodels of 12 basic helicopters. 
data base includes aircraFt with a gross weight of up t o  31,745kg(70,000 lbs) , 
a main rotor with 3 t o  7 blades and from 7 .3~1  (24 ft) t o  24.- (79 ft) in 
diemeter, main gearboxes from 253.5 mhp (250 hp) t o  11,154 mhp (11,000 hp),  
structures desigaed with ultimate load factors up to  5.256 and dive speeds up t o  
177.5 m/sec (345 knots). 

These weight equations have been developed using a large his- 
"his 

GROUP 
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FIGUEIE 3-8. BASELINE DESIa WEIGHT STATEMEIQT 
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The aurilituy propulsion fm weights are based on trends provided by 
Hamilton Standard and are based on the  current Q-rea demonstrator program. The 
f’umishings and equipment weights fo r  both baseline designs are estimated from 
data available 011 the Sikorsky S-65-200 ccrenercial c-d program (Reference 
6) and f rom current fixed-wing comercial transports (References 14  and 15). 

Helicopter 
Compound 

3.2.2 Balance & Loadability 

(product) Ixx (Roll)  In (Pitch) Izz (Yaw) 

.936 (.8u) 5.29 (4.59) 4.93 (4.28) ,272 (-2361 
2.15 (1.87) 8.47 (7.34) 6.98 (7.79) A36 ( -552 )  . 

The forward and aft center  of gravity limits are based on the fo l l s f ing  
c r i t e r i a :  

( a )  

(b) 

Steady state main roto: flttgping i n  hover should not  exceed 23.75 
degrees at  gross Wight. 

Pitch a t t i t ude  in hover should not exceed 6 degrees at any gross 
weight. 

The flapping limits are established by ro tor  hub and shaft fa t igue  con- 
s iderat ions.  
considerations. Application of these c r i t e r i a  result i n  the  center of gravity 
limits at design gross weight es i l l u s t r a t e d  i n  Figure 3-9, shovn as a function 
of ro tor  shaf t  incidence (3 degrees forward f o r  t he  hel icopter ,  0 degrees for 
the compound). 

A t t i t u d e  limits are established by p i l o t  comfort and v i s i b i l i t y  

The center of gravity envelopes fo r  the  hel icopter  an& ccelpound eue shown 
i n  Figures 3-10 and 3-11. 
pat tern i n  which window seats are  f i l l e d  first, then the  aisle seats, ead 
f ina l ly  the remaining seats. 
evaluated along with the  most c r i t i c a l  combination of passenger, baggage, and 
fue l  loading. In addition, a tolerance has been allowed CE the probable 
passenger plus fue l  loading t o  consider the  i n - f l i g h t  movement of pmsengers 
and possible shif ts  i n  fue l  d i s t r ibu t ion  due t o  changes i n  a i r c r a f t  a t t i tude .  
The allowable center of gravity range at design gross weight exceeds the  mini- 
mum requirement, t h a t  :*hich would r e su l t  from a peyload s h i f t  of 25% of cabin 
length. 

The passenger loading fol lovs the  generally accepted 

Both forward and rear loading capabi l i ty  has been 

3.2.3 Moments of Inertia 

The hel icopter  moments of i n e r t i a  are baaed on exis t ing  da ta  available 
fran the CH-53, an a i r c r a f t  of similar size and gross wei@it. 
of i n e r t i a  are based cm S-65-200 s tudies  (Reference 6) .  
scaled t o  the gross weights of t he  baseline designs. 

Ccrnpound monrnts 
All i n e r t i a s  were 

I I I n e r t i a  - kg cm sec2 ( l b  in .  sec2) f lo6 I 
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FIGURE 3-10. HEJIICOPTEE BALAHCE AXD LOADING DIAGRAM 
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- 3.3.3. Helicopter 

The helicopter baseline dtsign evolved from a se r i e s  n? d r s i p  trade-offs 
generally directed at minimizing DOC. 
the  most effect on DOC are main ro to r  disc l o a i n g ,  blade loading, bl-9e t w i s t ,  
and tipspeed, iiesign c d s e  a l t i t ude ,  tai l  rotor  tipspeedsand number of c '  gices. 

Aspects of design considered to have 

3.3.1.1 Diec Loading and B l a d e  Loading 

Incmming disc loading reduces rotor  diameter and increases hover power 
requirements. 
rotor eize,  t h i s  decrease is more than of f se t  by an increused pawerplaat weight 
and an increased fuel flow for t he  l a rge r  engine 
Figure 3-12, shows that  for any given blade loading, CT/u, minimum 3CS Is 
always obtained at t he  laresi; possible d i sc  loading. 
w a s  found t h a t  for disc  loadings below 41.5 ksm (6.5 paf)  , it w a s  not possible 
t o  balance the a i r c r a f t  because of t he  excess fuselage length af t .  

While rotor  an3 drive system weights decrease by reducing the 

The resul t ing Lrend, 

In the study, however, it 

I .w 

1.03 

1.02 

II 

= 1.01 

c 
U 

I .oo 

0.99 

0.98 

FTGL! 3-12. HELICOPTEH - SELECTION OF MAIN ROTOR G E m R Y  
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As %/a is increased f o r  any given disc loading, t h e  blade area is reduced, 
decreasing blade veight. 
on attainable cruise speed and DOC, as shown in Figure 3-13. 
was found t o  provide the minimum DOC. 

However, reducing the blade area has a serious effect 
A Q/u of 0.075; 

Also shown i n  Figure 3-12 are l i n e s  of constant blade aspect r a t io .  It is 
seen that at the baseline disc loading and %/u, t he  blade aspect rat-’ I is less 
than the theoret ical  upper lldt of 20, at vhich blade tors ional  ri; - i ty  and 
static droap considerations require substant ia l  increase i n  blade sl-finess and 
veight . 
3.3.1.2 Cruise Altitude 

The trend of DOC with cruise a l t i tude,  Figure 3-14, shows a character is t ic  
cuaunn to  pure nelicopters. 
do not exhibit a classic  fixed wing increase 
creasing cruise al t i tude.  For the helicopter, the  lowest possible crzlise ilti- 
fude pro?uces the uinimum DOC. 
was selected as the  lower l i m i t  in order to  provide for air traffic control and 
an al t i tude safety margin i n  heavily populated areas. 

Because of re t reat ing blade stall, pure helicopters 
in cruise.efficiency w i t h  in- 

A cruise  altitude of 1219 meters (4000 f ee t )  

3.3.1.3 Main Rotor Blade Twist 

Blade t w i s t  increases rotor  efficiency i n  both cruise and hovering flight. 
The l i m i t  of the DCC versus t w i s t  trend, Figure 3-15, occurs when the blade 
stresses associated w i t h  high twist; begin t o  escalate  blade w e i g h t  and when t h e  
nanufacturing process fo r  such a blade, which generally requires highly non- 
l i nea r  t w i s t  and nan-linear planform shape, have not Men developed. 
study, -16 ciegrees of t w i s t  w a s  selected as that tcc’hnology l eve l  which is 
currently being developed i n  the CIi-53 and WH-60A U”AS rotors and would 
therefore be available t o  a large production helicopter i n  service i n  1985. 

3.3.1.4 Main Rotor Tipspeed 

For t h i s  

Selection of main rotor tipspeed is a trade-off between blade w e i g h t  ( f o r  
given +/a) and advancing t i p  Mach number effects  in cruise flight. 
choice of tipspeed is dependent on blade t w i s t ,  t i p  shape, and a i r f o i l  sections 
mailable within the time frame t o  a l l ev ia t e  the compressibility losses.  
optimum tipspeed w a s  222.5 meters/sec (730 f t / se i ) ,  as shown i n  Figure 3-16. 

Correct 

The 

3.3.1.5 Tail Eotor Tipspeed 

DOC does not increase at high t a i l  rotor tipspeeds, (Figure 3-17), because 
at cruise speeds the t a i l  rotor is not highly loaded and so does not contribute 
significantly t o  any power penalty associated wi th  compressibility r f f e c t s  i n  
cruise. 
tipspeed was niMe in  order t o  suppress t a i l  rotor  noise. 

Selection of 213 m/sec (700 fps) as an upper limit fo r  t a i l  rotor  

3.3.1.6 Number of Engines 

As the number of engines increases, the t o t a l  instal led power t o  provide 
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the one-engine-inoperative (QEI) out-of-ground-effect (OCE)  capabi l i ty  decreases. 
However, maintenance burden increases. 
as shown i n  Figure 3-18. 

A three-engine solution minimizes DOC, 

3.3.2 Compound 

The Wor design parameters investigated w e r e  cruise  speed, d i sc  loading, 
prop-fan s i z e  and tipspeed, main rotor t w i s t ,  number of engines, and main rotor 
tipspeed. 

3.3.2.1 Cruise Speed and Disc Loading 

For the  compound aircraft, the  design cruise  speed was not selected w i t h  
minimum DOC alone i n  mind. This s i tua t ion  is siplilar t o  t h a t  of a CTOL air- 
c r a f t ,  where design cru ise  speeds are s igni f icant ly  higher than required f o r  
minimum DOC, i n  order t o  provide a marketable product w i t h  superior passenger 
appeal*  

Because main ro tor  d i sc  P a n g  influences hover eff ic iency,  DOC was 
trended as a function of c ru ise  speed and disc loading i n  order t o  invest igate  
the  condition f o r  a power-required match between cruise  f l i gh t  and OEI W E  
hover. 
occurs at the cruise  speed for t h i s  power match. 
select ion of cruise  speed, a productivity function of the  form (seat kilometers 
per block hour)/(weight empty) was calculated. 

This is shown i n  Figure 3-19. Minimum DOC f o r  a given d isc  loading 
As a Avther guide t o  proper 

Figure 3-20 shows t h a t  t h i s  productivity nanction maximizes at a cru ise  
speed of 128.6 d s e c  (250 knots), f o r  2% increase from t h e  theore t ica l  minimum 
m. 
3.3.2.2 Auxiliary Propulsion 

Both fau and propel ler  propulsion were trended i n  determining the lowest 
DOC design. 
was investigated, i n  terms of the  fan pressure ratio, Figure 3-21. 
pressure ratio of 1.1 yielded the  lowest DOC consistent with a shroud diameter 
t:.at did not compromise the  merall vehicle design. The selected fan diameter 
of 2.4 m e t e r s  (7.32 f't) was used as the basis for canparison with the propel ler  
configuration. 

A family of Hamilton Standard Q-fan devices, References 12 and 13, 
A fan 

As discussed fur ther  i n  Sectioa 3.5.2, one of t he  most important influences 
on t he  select ion of an auxi l iary propulsion device i s  the  requirement fo r  cabin 
noise suppression t o  70 dB PSIL. 
requi-red soundproofing of t he  tipspeed of the propulsive device. In evaluating 
the propellers, the required soundproofing w e i g h t  increases rapidly, when com- 
pared t o  the  fms, as tipspeed is  increased. Propeller efficiency generally 
decreases w i t h  decreasing tipspeed, but can be restored when a c t i v i t y  fac tor  
i s  increased tw adding blades or blade chord, and so system weight. Another 
important noise e f f ec t  is the proximity of the propel ler  to the fuselage. 
c loser  the propel ler  is t o  the  fuselage, the greater  the weight penalty for 
acoustic insulat ion.  

Figure 3-22 shows t h e  powerful e f f e c t  on 

The 

For the fans, the  acoustic t reatment  of the shroud, 45.4 
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kilogram (100 pounds) per propulsor, has been added t o  the cabin treatment 
weight t o  provide an equivalent average treatment density. 
Figure 3-22 are t h e  soundproofing treatment dens i t ies  required t o  meet the  
75 dB PSIL l i m i t  during take-off, for various leve ls  of transmission acoustic 
isolation. Unlike t h e  hel icopter ,  power t o  the main gearbox during c ru ise  is 
low, and so t h e  contribution of the in t e rna l  noise signature froin t h e  trans- 
mission i s  s igni f icant  only during low-speed f l i g h t .  While this d ic t a t e s  the  
soundproofing required f o r  t he  hel icopter ,  t h e  fan o r  propeller noise d i c t a t e s  
the soundproofing weight f o r  a caslrpound. 

Also shown in 

With these noise penal t ies  assigned, t he  r a t i o  of DOC t o  the  basel ine fen 
solution was trended f o r  varying propel ler  tipspeeds and nacel le  bu t t l i nes ,  
Figure 3-23. 
combination with close proximity of propeller and fuselage. The correspondence 
between propeller diameter and nacelle bu t t l i ne  is provided by propeller/ground 
and propel ler / rotor  t i p  path clearemce considerations. 

The extremely high DOCS are associated with a high tipspeed i n  

With the  noise constraints ,  t he  best propeller solution is marginally 
competitive t o  the  prop-fan design, which provides reduced system envelope, 
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reduced slipstream interference e f f ec t s ,  and increased clearance f r o m  the ground 
and rotor  tip-path. These factors weigh heavily +A favor of the  prop-fan, in 
s p i t e  of its reduced propulsive efficiency a t  the compound cruise speed. 
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FIGURE 3-23 COMPOUND - PROPEUR/FAIO TRADE-OFF 

3.3.2.3 Main Rotor Blade mist 
In the design of a compound rotor  with constant geanetry, high bladc t v i s t  

i s  not mendatory, because the higher design cruise power requirements of a 
compound a l l a W  the ineff ic iencies  i n  hover of laver t w i s t  designs without 
increasing rotor  a i z e .  
i n  a twisted blade at cruise speeds and high rotor inplane drsg forces. 

Twist is also undesirable because of the  high s t resses  
The 
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minimum WC occurs a t  a t w j s t  of -4 degrees, Figure 3-24. 

While from a performance point of view, -4 degrees of t w i s t  i s  optimum, 
the external noise constraints of t h i s  study required anplysis of a l l  design 
parame+ers t o  ident i fy  w a y s  t o  lower noise. 
h i b e r  values of t w i s t  reduced external noise. 
aerodynamic dis t r ibut ion of l i f t  along the blade radius, which reduces the t i p  
vortex strength. 
e f f ec t  
indicates only a I.% increase i n  DOC above the  minimum. 

Analysis of t w i s t  showed that  
This is due t o  a more even 

Twist of -12 degrees w a s  selected because of its powerfa1 
i n  reducing noise, while the f la tness  of the DOC trend i n  Figure 3-24 

3.3.2.4 Number of Engines 

A three-engine in s t a l l a t ion  w a s  selected f o r  the  compound, Figure 3-25. 
One engine is  centrally in s t a l l ed  behind the main gearbox, and one is axial ly  
mounted behind each auxiliary proPulsor. 
w e r e  studied but rejected,  because their  maintenance burden drove DOCS t o  a 
relat ively high l eve l  compared w i t h  the  two-engine and three-engine solutions. 
The two-engine solution w a s  not selected.  
lower DOC, the physical s i z e  of an engine having one-half of the required in- 
s t a l l e d  horsepower w a s  prohibitive. The enormous s i ze  created in s t a l l a t ion  
problems and fan losses, which were i n  violation of the  performance and weights 
essumptions of the analysis. 
violated the study groundrule of development by 1985. 
than 50 percent larger than the baseline (HLH development) engines. 

Four-engine and five-engine solutions 

Although it yielded a s l i g h t l y  

In addition t o  t h i s ,  the s i z e  of t h e  engine 
The engines were more 

3.3.2.5 Main Rotor Tipspeed 

The compound main gearbox has a two-speed input section. This provides a 
higher rotor  
knots) and a lower rotor  tipspeed i n  high-speed flight i n  order t o  reduce 
advancing t i p  Mach number e f f ec t s .  
hover tipspeed, indicating a minimum a t  222.5 m/sec (730 Qs).  
i n  Section 3.5, t he  compound design m u s t  be compromised t o  reduce external 
noise signature t o  the  95 PNdB l i m i t .  
(690 fps). 

tipspeed fo r  hover and helicopter f l ight lip t o  92.6 m/sec (180 

Figure 3-26 shows the trend of DOC w i t h  
As discussed 

The baseline tipspeed is thus 210.3 m/sec 

3.2.2.6 T a i l  Rotor Tipspeed 

The variation 2f EOC with tai l  rotor  tipspeed, Figure 3-27, shows a minimum 
a t  210.3 m/sec (690 fps) .  
l i m i t i n g  external noise to 95 PNdB. 

Thls tipspeed doe@ not v io l a t e  the reqnirements fo r  

3.3.2. Main Rotor B l a d e  Loading 

The main rotor  blade loading, defined as the  CT/G value in  hover on a sea 
l eve l  90-degree day, has a powerful influence on external noise signature 
(Section 3.5).  
speed f l i g h t  BO t h a t  blade s t a l l  fs not 8 iimitiing c r i t e r i a .  
blede area merely produces inplene rotor  drw . 
povLr available i n  hover, because t h e  instal led paver is determined by the high- 

Unlike t h e  heiicopter,  the  cmpound rotor  i e  unloaded In high 
I n  f a c t ,  excess 

Also there is an excess of 
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F I m  3-27. COWOUN3 -#SELECTION OF TAIL XVOR TIPSPEED 

FIGURE 3-28, COWOW - SELECTIOrJ OF HOVER BLADE LOADING 



speed requirements. 
ted i n  t h e  i n t e i e s t s  of improving the  high spee? capabi l i ty  of the a i r c r a f t  
and reducing weight. 
decrease 88 %/a incresses beyond a value of .115. Because of the external  
noise limit, however, hover C ~ / U  wae limited to 0.1. 

3.4 Handling Qualities and Gust Sensitivity 

3.4.1 HandlinR Qu a l i t i e s  Criteria 

Hover ineff ic ieccies  (high CT/cr) can therefore  be tolera- 

This is indicated in Figure 3-28. DOC continues t o  

The helicopter and compound helicopter were designed ';o m?et  t he  l e y 1  1 
requirements of Appendix A of Refei*ence 2 at a l l  tines. 
between these reauirements and this text is  given in Figure 3-29. 
c r a f t  is designea t o  continue f l i g h t  at normal rotor  rpm with one engine 
i:operative, thus not degrading r o l l  and p i tch  control powers. 
required for a maneuver exceeds pmer avai lable  f o r  a short time, the  rota- 
t i o n a l  energy s tored i n  the  ro tor  systems can be used f o r  yaw and vertlcfd 
height control. 

A cross reference 
Each air- 

If t h e  power 

Each aircraf't i .  designed with a t r i? ly-redunWt autclmatic f l i g h t  control 
system with vo t iw .  
appropriate element of t he  system is shut off without deerading control  system 
performance. 

Level one i s  Cefined f o r  normal operation by an average coltmercial p i l o t .  
Level two requires adequate f ly ing  qua l i t i e s  w i t h  increased pilo'- (rork load, 
mer any reasonable ft.ilure of a s ingle  gas generator or control system 
element. 

Therefore, any failure is autanat icalry detected and the 
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3.4.2 Attitude Control Paver 

T r i m  data, in cmbination d t h  the control limits, Figure 3-30, and the 
contra1 systems derivatives, Figure 3-31, vere used t o  calculate the   xim mum 
w a r  acceleration about each axis fo r  the control available in  hover, 
80 knots, and 171 knots for  the helicopter; and i n  hover, 100 ho ts ,  and 180 
knots for  the compound, at their fonrard aad af't centers of gravity, Figures 
3-32 and 3-33. 
t ha t  required i n  all cases vith the control ranges selected for t h i s  study. 
With a rotary ving aircraf't, it is posslble t o  apply 100% of each o? the con- 
trols simultaaeausly. 

As can be seen, the angular acceleration available exceeds 

The control rsnges used in this study ~ 1 p  based on the range required for  
the Sikorsky ~ ~ - 5 3  (an a i rc raf t  of similar s ize) .  
provide the aircraft with satisfactcay control hamony end sens i t iv i ty ,  as 
required by Reference 1-0. 

This control system w i l l  

COIPLlWL LIMITS 

Helicopter 

1s n 

BIS 

em.75R 

Compound 

*lS 

%s 

em.75R 

- +8 DEG. 

-12 t o  +16 D E .  

-10 t o  +30 DEC. 

- +8 DE. 

-11 to +18.5 DEG. 

-10 to +30 DEG. 

FIGLEU3 3-30. COEEROL I.IMITS 

43 



COBpllROL !XRIVA!l'IVES 

VEIDCITY 

I M/SEC (kts )  

coMPom F 
I 

51.4 (100) 

92.6 (180; 

9 357 

.340 

323 

1725 

.1378 

.lo85 

1 (57.3) 
YY 

- 0429 

- 08616 

-. 15226 

- .0466 

-. 0592 

- 0797 

a ri/aQm 

(57.3) I zz 

FIm 3-31. CONTROL DERIVATIVES 

44 



SPEeD 
WSEC (KTS) 

41 (80) 

88 (171) 

C.G. 

AFT 

m 

AFT 

FWD 

AFT 

FUD 

AXIS 

ROLL 

PITCH 

YAW 

ROLL 

PITCH 

YAW 

ROLL 

PITCH 

YAW 

ROLL 

PITCH 

YAW 

ROLL 

PITCH 

YAW 

ROLL 

PITCH 

YAW 

FUQUIRED 
ACCELERATION 

liAD/SE2 

- +.6 

- +. 33 

+. 25 

- +.6 
- +.33 

+. 25 

- 

- 
+. 4 

- +. 3 

- 

+. 2 - 

+. 4 

- +.3 

- 

+. 2 - 

+. 4 

- +.3 

- 

+.2 - 
+. 4 

- +. 3 

- 

+.2 

AVAILABLE 
ACCELERATIW 

RAD/SEC2 

3- 32 
-2- 39 

0.94 
-0.81 

- 1-10 
-0 - 77 

3.57 
-2.14 

0.56 
-1.18 
1.10 

-0. Tf 

3.06 

1.43 
-0.71 

-1.52 

-2.38 

0.85 

3-23 
-2.21 

1.06 
-1.08 

C. 88 
-1.49 

2.94 
-2.23 

3.05 
-0- 35 
0.90 

-2.29 

3-07 
-2.10 

2.70 

0.64 
-2.23 

-0.70 

FIGURE 3-32. BASELIm HELICOPmR COHTROL PCXJER 

4. 



C.G. 

AFT 

FYD 

AFT 

m 

AFT 

FWD 

mu 
PITCH 

YAW 

ROLL 

PITCH 

Y U I  

mu 
PITCH 

YAV 

ROLL 

PITCH 

YAW 

ROLL 

PITCH 

YAW 

ROLL 

PITCH 

YAW 

ACCELRRATIOH 
RAD/SEC2 

- +.6 

- +. 33 

- +.25 

- +.6 

- +.33 

- +. 25 

+. 4 

- +. 3 

- 

+. 2 - 
+.4 

- +. 3 

- +.2 

- 

- +.4 

- +. 3 

+. 2 - 
+. 4 

- +.3 

- 

+.2 - 

AVAILABLE 
ACQOlI 

RAD/SEC2 

1.66 
-1.10 
0. gr, 
-0.62 

-0.92 
0-93 

1.78 
-0.98 

0.39 
-0.88 
0.92 
-0.94 

1.38 
-0.83 
1-00 
-0.74 
0.61 
-1.70 

1.46 
-0.74 
1.46 
-1.08 

0.61 
-1.70 

0.99 
4 - 7 5  
3.14 

-1.36 
1.02 

-2.08 

1.08 
-0.65 

2-73 
-1 77 
1.02 

-2.08 

FIGURE 3-33. BASELIRE CWOUKD CodFpRoL PWER 

46 



R a  tire histories 0, ,esponses to control stick inputs at the rotor head, 
displacerents after one second are shown in Figures 3-34 and 3-35. 
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Figures 3-36 and 3-37 give available control accelerations i n  a tl2.87 
m/sec (25-knot) sidewind, showing control power capabilities substantially i n  
excess of the requirements. 
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2.7' 
-2.96 
-0.78 
0.96 
-0.60 
1.26 
3.68 
-2.03 
-0.77 
0- 97 
-1.09 
0.77 

2.58 
-2.86 
-0 73 
1.40 

0.98 
-1.38 

3.47 
-1 77 
-0 73 
1.40 
-1.91 
0.46 

2.10 
-3 07 
-0.41 

2-99 
-2.21 
1.01 
4.08 
-1.08 
-0.47 
2.93 
-2.61 
0.57 

FIWRE 3-36. BASELIBE €iELICW!CEFt CORllROL PCIWER I11 225-m CROSSWIND 
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PITCH 
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- +. 3 

- +. 165 

- +. 125 

- +. 3 

- +. 165 

- +. 125 

+.2 

- +. 15 

+. 1 

+. 2 

- 

- 
+. 15 - 
+. 1 - 
- +.2 
+. 15 - 
+.l 

+. 2 

- +. 15 

+.A 

- 
- 

- 

AVAILABLE 

Acc=20R RAD/S 

1.29 
-1.47 
-0.54 
0.72 
-0.77 
1.08 
1.90 
-0.06 
-0.55 

-1.26 
0.71 

0- 59 

1.09 
-1.12 
-0.69 
1.85 
-1.61 

-0.62 

-0.70 
1.59 

-0.78 
1- 77 
-1.97 
0.33 

'3.77 
-0.96 
-1.61 
3.18 
-2.55 
0- 55 
1.28 
-0.46 
-1. Ire 
3.01 
-2.81 
0.29 

FICU126 3-37. BASELINE C W O U N D  ColJTROL POWER 110 f25-KT CROSSWIAD 
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3.4.3 Low Speed Control 

3.4.3.1 Flight Path Control Power 

In  the  hover t o  40 knots speed range, ve r t i ca l  f l i g h t  control i s  obtained 
v i t h  co l lec t ive  p i tch  independently of a t t i t ude  control power. 
incremental 
pi tch is required fo r  the  hel icopter  and 0.98 degrees f o r  t he  compound. 
hel icopter  and compound have ample control  margins remaining t o  obtain t h i s  
acceleration. 
remaining, and t he  canpound has +4.8 t o  -11.2 degrees. 

To obtain an 

The 
acceleration fo r  height control of f . lg ,  0.75 degrees of co l lec t ive  

The helicopter has +7.2 t o  -7.8 degrees of co l lec t ive  p i tch  

With wheels just c l ea r  of the  ground, the  co l lec t ive  p i tch  required f o r  
t r i m  w i l l  be sl ight lylower than i n  free air, due t o  ground e f fec t ,  but more 
than enough co l lec t ive  pi tch remains t o  produce an incremental acceleration of 
-.log t o  +.o%. In f a c t ,  the  safety of both configurations is great ly  enhanced 
by the f a c t  t h a t  they can both achieve +1.35g's ve r t i ca l ly  with the  wheels Just  
c lear  of the  gound. 

The longitudinal cycl ic  control  system was designed t o  provide at  lewt the  
longitudinal incremental acceleration of 2.15g required by Reference 2. 
capabi l i t i es  of the  hel icopter  and compound are shown iri Figure 3-38 for hover 
and 40 knots t r im f l i g h t  condition. 
requirements of Reference 2 and are independent of the  loss of an engine i n  the 
l o w  speed range. 

The 

These capabi l i t i es  exceed or equal the  

M/SEC (Knots) 

20.6 (40) 

20.6 (40) 

A f t  

Fvd 

A f t  

pfrd 

Longitudinal 
Acceleration 

Required 

2.15 

2.15 

2.15 

2.15 

t .15 

2.15 

2.15 

f .15 

Langi tudinal  
Acccleration 

Available 

.227 
- .262 

- 332 - 157 
.182 
-.N8 

.2?4 - .206 

.253 

.358 - -157 
152 

.273 

- .262 

- .364 

- .241 

FIGURE 3-38 mGITUDINAL ACCEURATIOIIJ CAPABILITY 
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Tho helicopter and compound transmissions are designed t o  e u s t a h  a 
system l i f t  t o  gross w e i g h t  (F/W) r a t i o  of 1.05 with the loss  of one engine. 
Thus, both a n c r a f t  meet the  l e v e l  1 requirement and exceed the l eve l  2 require- 
ment. 

3.4.3.2 VTOL Approach 

Controlled VTOL approach capabili ty w a s -  investigated for a range of approach 
speeds of 40 t o  100 knots with a 2000 fpm rate of descent wh i l e  simultaneously 
decelerating along the f l i g h t  path in a 25-knot cross wind. The helicopter and 
compound can meet the  requirement of decelerating along the f l i g h t  path a t  .15g 
up t o  a speed of 48 t o  50 knots, respectively. 
state deceleration capabili ty is decreased t o  about .0?5g at 100 knots. 
deficiency 

Above these speeds, the  steady 
This 

could be corrected w i t h  the  addition of aerodynamic speed brakes. 

With both configurations,there is ample col lect ive pi tch remaining t.0 pro- 

The response of rotary wing a i r c r a f t  t o  a col lect ive pi tch inpGt is 
duce a normal acceleration of 2.lg with col lect ive pi tch only 
.5 second. 
nearly instanteceous. 

i n  less than 

3.4.4 WOL Control Systems ~ a g s  

The angular acceleration response of t he  helicopter t o  -3 degree longi- 
tudinal s tep input is shown i n  Figure 3-39. As cen be seen, the peak accelera- 
t i on  (pitch moment) is reached i n  .2 serrond, thus surpassing the requirement 01 
Reference 2. 
each axis  f c r  a l l  speeds. 

This is typ ica l  of the angular responses of both aircraft about 

The normal load f ac to r  response of the hslicopter is ahawn i n  Figure 3-40 
for a 24egree  s t e p  col lect ive inprlt. 
i n  .4 second, again surpassing the  requirements of Reference 2. 
response for both a i r c r a f t .  

The maximm normal load factor  is obtained 
This is 8~ typicEd 

3.4.5 Hoverinu and Low Speed S tab i l i t y  

The hover s t a b i l i t y  of the  helicopter and compound is  Shawn i n  Figure 3-41 
for the  most c r i t i c a l  center-of-gravity posit ion.  
meet the level 1 requirement. The a t t i t ude ,  pi tch rate, w..d velocity feedback 
gains required are typicai  of those used an present neltcopters. 

$3 can be seen, both aircraft 

The t r i p l y  redundant sutomatic s t a b i l i t y  w e n t a t i o n  system provides f o r  
continued concurrence with-the l e v e l  1 requirement even riter failure of sny one 
control system element. 

3.4.6 T a l l  Rotor Loss 

The v e r t i c a l  t a i l  surfaces oc the helicopter and compound were designed f o r  
continued f l i g h t  fnllaving loss of anti-torQue th rus t ,  for the  most c r i t i c a l  
(aft) center-of-gravity p a i t i o n .  A t  t h i s  condition, both a i r c r a f t  have suff i -  
c ient  direct ional  s t a b i l i t y  t o  maintain l e v e l  f l ight throughout a 20-knot speed 
range at r o l l  a@es be l s?  10 degrees snd s ides l ip  angle% below 20 degrees. 
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FIGURE 3-39. HELICWTER - ANGULAR ACCELERATION RESPONSE TO A -3-DEGREE 
LONGITUDINAL STEP INPUT 

FIGURE 3-40. HELICOPTER - N O I M A L  LOAD FACTOR RESPONSE TO A -2 DECREE 
COLLECTIVE STEP I I P U T  
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FICURE 3 4 1 .  SHORT PERIOD LONGITUDINAL CHARACTENSTIC ROOTS 

If the tail rotor and t a i l  rotor  gearbox should separate from the a i r c r a f t ,  
the center of gravity w i l l  s h i f t  forward about 25% of the  t o t a i  range f o r  both 
a i r c r a f t .  
i n  longitudinal cyclic t r i m  because the loss of m a s s  is offset  by loss i n  t a i l  
rotor lift. 

"his s h i f t  i n  center-of-gravity would require only minimal change 

It has been dernonstratzd i n  the fixed-base f l i g h t  simulator t h a t  the YUH-60~ 
LTTAS a i r c r a f t  response t o  a tail rotor  lose i s  controllable by a p i l o t ,  and a 
safe lar?ding can be made. Both baseline a i r cza f t  w i l l  respond i n  sfdlar fashion. 

3.4.7 VTOL Take-Off and Landing 

Responses t o  a 5-secor.d, 15  f t / s e c  longitudinal snd lateral gust w e r e  inves- 
t igated f o r  both baseline a i r c r a f t  in a haver with the  automatic f l i g h t  control 
system on. Attitude dispkcementa were stable and tended t o  retrun t o  t h e i r  
or iginal  t r i m  values without p i l o t  inputs 
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The Sikorsky CH-53E automatic f l i g h t  control syetem v u  used i n  t h i s  study, 
,h only t he  longitudinal gains modified t o  those given i n  section 3.4.5. 
i t ro l  system used t o  stabilize the  a i r c r a f t  w i l l  not be affected b:~ the lo s s  
an engine o r  a single-ccnuponent failure i n  the  autanatic f l i g h t  control 
item. 

The 

1.8 Cruise S t a b i l i t y  

The helicopter and compound were designed t o  have posit ive maneuvz. stabi- 
;y at aft center-of-gravity without s tabLli ty  augmentation. The longitudinal 
: l i e  pi tch per g r a t i o  is  shown i n  Figures 3-42 and 3-43 f o r  t he  helicopter 
1 compound. For both a i r c r a f t ,  the neutral  point lies behind the aft center- 
gravity l i m i t ,  thus exceeding the  requirements of Reference 2. 
5zon ta l  taj 1s r e s u l t  from t h e  center-of-gravity range of both eonfigurat ions 
.ng aft  of t h e  main rotor  shaft. 
%her increases the compound hor i zon td  si%e. 

The large 

The destabiliz'ng e f f ec t  of the nac' lles 

1.9 Attitude Change i n  Normal Operation 

Trim data indicated th&t the  Puselage deck angle of both configuretiom 
. l n o t  exceed 20 degree nose up o r  be less than -10 degrees tlose down. 

1.10 Force Change i n  Normal Operation 

The force changes 03 t h e  passengers due t o  a AO& maneuver depenr? B ~ I  

.ot technique. 
mts, the force change rl-ould not exceed those specified,  although the p i l o t  
I exceed those forces with the  remaining control available at  sme t r i m  
i d i t  ions. 

As long as t h e  a i r c r a f t  are handled with smoth  pilot. control 

1.11 Ride Qualities i n  Turbulence 

The gust s e n s i t i v i t i e s  of the two aircraft are shown i n  Figure 3-44 f o r  
!ir cruise a l t i tudeb and an a l t i t ude  of 10,000 feet. 
! addition of 8. gust al leviat ion system t o  soften the  ride.  
tl be coupled collectively t o  normal load _4md,or- 
:B a system is estimated t o  be 40 pounds. 

"'e compound requires 
The ailerons 

The weight penalty f o r  
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3.5 Z b e i i n e  A i r c r a f ' t  Noise Zharacterist ics 

3.5.1 Internal  Noise - Helicogter 

F igu re  3-45 presents the cabin soundproofing requirements f o r  t he  baseline 
It is clear  t h a t  gear damping and transmission helicopter i n  hover and eruise. 

isolat ion are necessary t o  reduce required soundproofing weight t o  acceptable 
levels. 

It is -90 apparent from Figure 3-45 t h a t  the  requirement f o r  70 dE PSIL 
i n  cruise $etermines the soundproofing weight. 
soundproofing of 0.28 kg/n? (0.56 psf) is required, while only 0.25 k g / d  (0.5 
psf) is required t o  meet 75 dB PSIL i n  take-off. 
vanced technology soundproofing matee-ial discusssed i n  Section 2.2 -1. 

To m e e t  t h i s  requirement 

This assumes use of the ad- 

Figure 3-46 inOicates how soundproofing requirements are i-ncrementally 
reduced. 
isolated transmission are used, soundproofing provides the l a rges t  portion of 
the noise reduction. 

Notice t h a t ,  as Figure 3-45 shows, even though damped gears and an 

3.5.2 Internal  Noise - Cxnpound 

The internal  noise of the compound helicopter i n  cruise is d d n a t e d  by the  
noise of the auxiliary propulsors because l i t t l e  power i s  being transmitted 
through the main transmission during cruise. w e  cabin levels of more than 95 
dB PSIL are generated by the auxiliary propulsors while levels below 85 dB PSIL 
r e su l t  from the transmission (assumfng damped gem an0 isolat ion) .  The required 
soundproofing t o  m e e t  the specified 70 dB PSIL i n  cruise was shown in-  Figure 3-22 
fo r  piopellers and fan engines. The baseline design uses fan engines bj auxiliary 
propulscrs separated by one fan diameter froui the fuselage, requiring an average 
soundproofing density of 0.34 kg/m2 (0.7 psf )  . 
PSIL in  take-off i s  only 0.2 kg/m2 (0.6 psf) .  

The soundproofing t o  meet 75 dB 

3.5.3 External Noise 

The 150-meter (500-foot) s idel ine noise f o r  the hovering vehicles was cal- 
culated using the techniques described i n  Reference 16, as shorn i n  Figures j-47 
ana 3-48 fo r  the helic3pter and the compound, respectively. 
generates 93.5 PNdB at 150 meters (500 f e e t ) ,  while t h e  compound produces 95.2 
PNdB. 

The helicop%er 

The main and t a i l  rotors dominate the  spectrum on both vehicles. 

Typ. ca l  take-off and landing ?rof i les  were calculated with a id  of Lhe Low 
Speed Dynamic Performance program, Reference 17. 
t o  the V/STOL Noise Model (Reference 12) t o  calculate  ground noise contours. 
Figures 3-49 and 3-50 show the 90, 95, and 100 PNdB contours f o r  the helicopter 
and compound take-offs, and Figures 3-51 and 3-52 show the landing contours. 
As expected, the compound contours are larger  because of the f l a t t e r  take-off 
prof i le  for  t h i s  type of a i r c r a f t .  

The r e su l t s  were used as input 

The study conducted by Munch and King and c i t ed  e a r l i e r ,  developed noise 
c r i t e r i a  for the screptance of helicopters by communities. This study eoneluded 
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FIGURE 3-4>. HELICOPTER - INTERNAL ACOUSTIC TREATMENT 
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F I G W  3-46. HELICOPIlER - CABIN SOUNDPROOFING DENSITY 
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FIGURE 3-47. BASELINE HELICOPTER EXC’ERNAL NOISE SPECTRUM 

c * 

W 

E 

FIGURE 3-48. $ M E L I N E  COMPOUND EXTERNAL NOISE SPECTRUM 
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t h a t  an LDN (Day-Night noise l eve l )  c r i t e r ion  based on lxal ambient noise w a s  
more meaningful than a single number c r i t e r ion  s u m  8s PNL. The LDN measure 
takes account of t he  number of operations per day o r  night,  the f l i g h t  path, 
the a i r c r a f t  souad level, and the ambient noise level.  The a i r c r a f t  sound 
l eve l  is specified i n  terms of t he  Single Event Eoise ExDosure Level (SENEL) 
i n  dBA. This unit is equivalent to-EPNL in  t h a t  it is the duration and fre- 
quency corrected dBA level .  

The helicopter and compound SENEL take-off noise contours are snovn i n  
Figure 3-53 and 3-54 and csmpared with the  Reference 1 community acceptance 
c r i t e r i a  i n  Figure 3-55. 
hel iport  locations a d  operations discussed in  Reference 1. The de ta i l s  are  
shown i n  Figure  3-56. 

The locations shown i n  Figure 3-55 r e f e r  t o  the typ ica l  

3.6 Performance 

The baseline helicopter and compound are designed t o  operate i n  the 1985 
commercial environment. 
l e v e l  90 degrees Farenheit conditions, a'. no more than 109% of take-cy? power 
with one engine incperative. 
knots);  f o r  the compmnd it is  129 m/sec (250 knots).  
at to more than maximum continuous engine power. 

3.6.1 

Both aircraf': can hover out of ground e f f ec t  a t  sea 

Cruise spzed f o r  t h e  helicopter i L  69 m/sec (173 
These speeds a r e  achieved 

Aircraft Power Requirements and One-Engine-Inoperative Capabili t ies 

Helicopter power required versus airspeed is  shown i n  Figure 3-57. Low 

The c r i t i c a l  ins t i . l l ed  poirer condition is the 
speed perfornance a t  sea level  90 degrees and cruise perfcrmance at 1219 m 
(4'200 f t )  standard are given. 
sea l eve l  90-degree hover out of ground e f f ec t  w i t h  oue engine inoperative. 
"Ii-s capabili ty provides fo r  safe recovery at  any instant during a typical  take- 
off procedure following malfunction of one engine. 

Compound baseline power required verscs airspeed is presented i n  Figure 3-58. 
The c r i t i c a l  engine s iz ing condition is  a t  the cruise sreed with max imum con- 
tinuous power. Again, because more than enough power .LS i n s t a l l ed  t o  allow 
hover OGE at the sea level  90 degree point after loss of one engine, a s a f e  
recovery can be made during a typical  take-off procedure following a single 
engine malfunction. 

The mission p ro f i l e s  were shown i n  Figure 2-3. F i F n e s  3-59 and 3-60 show 
the mission analysis output from the design model computer program. 

- 3.6.2 Autorotation 

The rotary wing VTOL offers  J safety advantage aver other types, beceuse 

The autorotative envelopes are shown in Figures 
of it.s autorotative capabili ty t o  a safe  landing with short ro l l i ng  distance 
following t o t a l  loss  of power. 
3-61 and 3-62. The helicopter envelope is  broader, with lower roll-on s p e d  
because o f  i ts  lower d i s c  ioa&r:y, ai-,ld ;~iiii~.2ati-:~lj grfjoter s t c ~ e 4  rnt.,jr e n e r g .  
These envelopes vould be very much broader fo r  the l e s s  unlikely condition i n  
which two of the t+hree engines  have l o s t  power. 
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3.7 C m f i g u r a t i o a  Trade-offs 

3.7.1 Helicopter 

In select ing the baseline helicopter, e ight  configuration trade-offs were 
conducted. 
V - t a i l ,  the al ternat ive configuration features increased the d i r e c t  operating 
cost and therefore w e r e  not incorporated i n  the baseline design. 

These are summarized in  Figure 3-63. In all cas%, except the  

Elastomeric Main Rotor H e a d  

The elastameric rotor  head is currently being developed to  provide a non- 
lubricated head. 
bearings and retention fo r  large numbers of blades (more than 4) overcanes the  
reduced maintenance artvantage i n  computing DOC. 
t h i s  result maly change. 

A t  t h i s  time, the added weight associated with the  elastomeric 

As t he  technology is developed, 

Bo Rotor Head Fair ing 

Removal of the rotor  head fa i r ing  scves weight, but adds paras i t e  drag. 
Saving i n  w e i g h t  empty is offset by t he  increase i n  fuel .  

Pusher T a i l  Rot= 

When reconfiguring t h e  t a i l  rotor  t o  the lef t  s ide of the aircraft, the 
pylon must be canted t o  a l l o w  f o r  clearance. 
but pylon area is increased t o  obtain t h e  same equivalent v e r t i c a l  empennage 
effectiveness. 

T a i l  r o to r  blockage is decreased, 

V-Tail w i t h  Pusher T a i l  Rotor 

This empennage configuration offers  a s m a l l  DOC arilrantage over t he  baselice, 
because of reduced t a i l  y-tor blockage and more aerodynamically e f f i c i en t  tail 
surfaces. 
on a V - t a i l  arrangement. 

The baseline configuration vas p*fer-d,because of the lnck of data 

7- and &Abreast Seating 

For seven- and eight-abreast seating arrangements, Federal Aviation Regu- 
la t ions s t i p u l a t e  a second aisle, thereby adding f'urther t o  f'uselage section 
width. Fuselage length is already governed by the  ro to r  s i ze ,  s o  the shs r t e r  
cabin offers  no saving i n  weight. Fuselage drag is  increased. 

Twin T a i l  R o t -  

"win tai l  rotors were considered as a possible cwdidate  feature t o  reduce 
external noise. 
lower tai l  r c to r  disc loading without large increasr j.1, s i z e  envelope. 
increased, hecause of the added weight of the drive t r a i n  and tail surfaces. 

Because the th rus t  i s  shared, t h i s  ar--nqement permits R much 
EOC is  

. 

74 



TRADE 

- 
1. - c w N  

2. NO ROTOR fIEAD FAIRING 

3. WSHERTAILROMR 

ROTOR HEAD 

(CH-53E) 
4. V-TAIL, PUSHER TR 
5. 7 A B E ? ?  S W I N G ,  

WAL AIsL4E 

6. 9 '9FaM.s~ SEATING, 
AI AISLE 

7. WINTAILROTORS 

8. FAN-IN-FIN 

GROSS UEIGHT 

26371 (58137) 
26708 (58880) 

26295 (57969) 
26401 ( 58204) 

26316 ( 58016) 

27052 (59639) 

LUBRICATED M B G E  

DOC RATIO 

1.0 

1.014 

1.001 

1.001 

-998 
1.022 

'mAS STYLE 

S1IPCI.E AISLE 
6-, 

6-9 
SINGLE AISLE 

SIloGLE ROTOR 
TAIL ROTOR 

I 

27271 ( 60121: 1.029 

26549 ( 58530 1 
26820 (59110) 1.015 

FIGURE 3-63. HEXICOPTER COISFIGURATION TRADE-OFFS 

1. 

2. 

3. 
4. 

5. 

6. 

7. 

8. 
9. 

10. 

34933 (77014) 

34823 (76770) 

(77692) 

34590 (76240) 

33976 (74903) 

m R A T I O  

1.0 

1 . o l l  

1.015 

1.012 

1.038 

/ 
1.045 

1.026 

1.013 

1.023 

1.005 

0.98 

FIGURE 3-64. COKPOUND CONFIGURATION TFWE-OFFS 

75 



Pan-in-Fin 

The fan-in-fin was evaluated t o  dctendne whether an anti-torque device of 
smaller s ize ,  but absorbing mre power, would be beneficial .  
i n  which the  design hovering point is c r i t i c a l  i n  s i z ing  the  in s t a l l ed  power, 
aircraft weight and s i ze  are signif icant ly  increased. 
advantages due t o  drag reduction w e r e  s m a l l  compared with the e f f ec t s  on a i r c r a f t  
s ize .  

For the  helicopter,  

Cruise performance 

3.7.2 Compound 

The ten compound configuration trdc:-offs are summarized i n  Figure 3-64. 
I n  all cases, the features studied resulted i n  higher direct operating costs ,  
except f o r  the variable t w i s t  main rotor,  which was not included in  the base- 
l i n e  because it represented a deviation from study guitielines. The explana- 
t ions of t he  r e su l t s  of trade-offs 1, 2, 3, 4, 5 ;  and 8 are similar t o  those 
given f o r  the helicopter. 
marginal. 
while i c s t a l l ed  power is sized by the cruise requirement. 

For the  fan-in-fin, trade-off 9, t ne  result is  more 
Hovering inefficiency serves only t o  increase main gearbox s ize ,  
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S i m l e  Wing and Simple Wing plus Spoilers 

Flaps and leadingedge devices, employed on the  baseline, add complexity 
and veight. 
drag. 
s o  maintain rpm, during autorotative descent. 
deployed t o  reduce ve r t i ca l  drag and would be designed t o  minimize tai l  buffet 
from the shed vortices i n  forward f l igh t .  

However, a simple wing without f laps  adds significantly t o  ve r t i ca l  
Also, it is  ilecessary t o  spoil ving l i f t  i n  order t o  load the rotor ,  and 

Leading-edge devices can also be 

Variable Blade Twist 

High blade tvis t  desirable for good hover performance and reduction of 
hover noise signature is not beneficial i n  high-speed f l i gh t ,  because of high 
blade stresses and rotor inplane drag forces. 
provide in-flight adjustment t o  the optimum amount f o r  each phase of the mission. 
There is  a significant benefit t o  DOC, regardless of the e f f ec t  on the noise 
signature. 
it not included i n  the baseline design. 

The variable t w i s t  concept would 

Because the concept represented a deviation from study groundrules, 

3.8 Noise Sens i t iv i t ies  

In order t o  derive the quiet and noisy m e m b e r s  of the helicopter end com- 
pound families, it was necessary t o  assess the  change i n  external noise resul- 
t i n g  from design changes t o  the rotor system. The acoustic sens i t iv i ty  of the 
baseline rotor t o  changes i n  number of blades, rpm, CT/U, disc loading, and 
t w k t  was determined parametrically. To produce meaningful resu l t s  fo r  a m a n a g e -  
able number of points, the parameters --?rc, varied individually around the base- 
l i n e  values. 

From Figures 3-65 and 3-66, it 1s obvious tha t  t t e  main  rotor is  relatively 
insensit ive t o  changes i n  disc loading ar- number of b l a d s .  This i z  so, 
because fo r  t h i s  particular rotor, the broadband component of t he  noise dominates 
the Perceived Noise &vel, and broadband noise is not sensit ive t o  changes i n  
disc 1 ading. 
with changing blade number. 

As i o R g  as C+/u i s  held constant, broadband noise does not change 

The most significant parameter is t i p  speed. It  affects both :he rotational 
and the broadband componeat of the noise. 
baseline design point, because it has l i t t l e  e f fec t  on broadband noise. A 
combination of hanges of pPrameters such as t i p  speed, t w i s t ,  and CT/G,  must 
be employed t o  significantly change main  ro tor  noise. 

Twist has limited e f fec t  around the 

The sens i t i v i ty  of helicopter tail ro tor  noise is shown i n  Figure 3-67 end 
Here the trend is somewhat different than fo r  the main coLor, because 3-68. 

the rotational caponent of noise dominates over the broadband. Thus, disc. 
?oading, t w i s t ,  and number of blades i.1 addition t o  t i p  speed are s-rlsiti-. - 
parameters, but CT/U i c  not. 

Compound main rotor noise sent i .vi t ies  shown i n  Figures 3-69 and 3-70 are 
. , n i l a r  t o  those fo r  the heliccpter tail rotor ,  because the rotational component 
. irorrinant i n  t h i s  case. For t h i s  reason, t w i s t  is an especialLv strong para- 

# ..., along with t i p  speed. 
. 2 ,  

The sens i t i v i ty  of disc loading and CT/U is not 
. * .  
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The compound tail rotor parsmetric noise study, Figures 3-71 arid 3-72, 
shows t h e  dominance of rotation& noise for this rotor. It is 2xtreraely 
inssnsitive * O  cT/U variations, but varies videly with changes in disc loadiw 
twist, ma tip speed. 
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4.0 SELWITIVITZ OF DO\' TO EXTERNAL KO=C'UJSZS-NE 

4.1 Technical Approach 

Sections 3.3 and 3.8 described the sens i t i v i ty  of I,% md exten.41 noise 
t o  variation i n  the ro to r  parameters around the Baselin: vslues. Frcm thest- 
two sets of resul ts .  configuration changes summari7'ed i n  F i p x e s  11-1 and 4-2 
for the helicopter an& compound, r -pectively,  were evaluater: t o  s e l ec t  zhmgcs 
in  desic: parameters t h a t  most s ignif icant ly  affect  r - \ i s e  ;ignst-pe but have 
minimal e f f ec t  c3 DOC. Contributions from engines, . , x c r ,  and tail ro t c r  
are cnnsidered. 

4.1.1 Helicopter 

Two a2praaches were employed t o  achieve a 5 PNbB :eduction i n  exterrxl  
noise. Approach 1 requ.ired a 5 dB reduction i n  all coniributors. Main rotor 
yarameccrs chosen were those tha t  primarily affect  the broadband component 
(tipspeed an4 q a ! u ) .  F G r  tine t o i l  rotor ,  emphasis w a s  on ro t a t iona l  noise, 
(tipspeed and disc  ~ o a d i c g ) .  
t h e  r a f e  of 4.54 kilograms (10 pounds) of i n l e t  t r e a t m e n t  per dL! p e r  eng'ne, 
Reference 9. 
while tail rotor and engine noise were reduced t o  a point a t  vhich neither cor?- 
t r ibuted s ignif icant ly  t o  the cumulative noise level .  

rl'he engi e noise reductior. w a s  accounted ar at 

Approach 2 requires a minimum reduction i n  main ro to r  noise, 

The ; dB increase i n  external noise w a s  achieved by decreasing blade t w i s t  
from -16 t o  -10 degrees. 
t h a t  minfmum DOC is obtained at  -16 degrees, but re?zesents a pre-UTTAS tech- 
nology a;uminum spar blade w i t  ' decreased manufactui ng cost .  
t o  derive the +5 dB a i x r a f i  ln t h i s  a r t i f i c i a l  w a y ,  because t?w bhseline exter- 
n a l  noise goal w a s  achieved w i t h  t h e  s e t  u t  rotor  parmeters  t h a t  Troduces 
minimum DOC. 
forward f l i gh t  tipspeed af 213.3 nisec (700 fps)  was specified i n  nrd, 2 t o  
achieve the sane li3-kn0~ cruise speed as the baseline a i r c r a f t .  If wa assumed 
tka t  t t i s  could be achieved through proper control of the "*ee-".iirbine r o t a t i m a 1  
speed. 

This is  contrary t o  the D X  versus t w i r t  t rend, i n  

It wes necessary 

Hover tipspeed wac; ir,creased t o  231.6 m/sec (760 fps). A reduced 

4.1.2 Compound 

&'he 5 dl3 reduction w a s  again Ltudied using thc *wo-approach system 2cscribeJ. 
above, F i t w e  4-2. 
v w i n g  C 10 is  l e s s  thLi f o r  the helicopter.  

increased t o  730 fps, t w i s t  reduced t c  -4 degrees, ~ L - A  t d l  rQto r  t irapeed in-  
-reased t o  700 fps.  

!- . 2  Results 

Because ro t a t i cna l  noise domjnates, the effect, on nois+; of 
The 5 dE increme ifbs obtained 

by se l ec t  T ng rotor parameters f o r  I :mum L3C, thtit i.7, main r c to r  tipspeed 

In obtainfng thc q u i t t  designs, it :ras SOOT: apparent that the Approach 2 
solutions caused much l e s s  degradation i n  DOC then those of Approach 1, which 
were discarded. 
from the baseline values ( . C T 5  fo r  the helicopter,  .1 for ti,: r.ompound) WLS 

O f  the Appmach 2 sclr';iona, reduction i n  main rotcr  h w e r  CT/u 
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found t o  cause large degradation i n  DOC. 
t a i l  rotor  disc  loading and least reduction i n  tipspeed. 
ings being considered, however, t he  tail ro to r  became unacceptably large 2n 
diameter. 
of law disc  loading, with a V-style empennage. 
was discarded i n  favor of the inverted T f o r  the baseline, section 3.7.1, it is 
emplayed f o r  the quiet helicopter because of t he  geumetric compatibility. 
the compound, it was found during configuration trade-off studies t h a t  the fan- 
in-fin offered a solut ian competitive with t h e  tail ro+,or. me high power con- 
sumption of t h i s  device i n  hover, though increasing drive system weight, does 
not affect engine size when t h i s  is being set by the  129 m/sec (250-knot) 
cruise speed requirement. 
evternal noise reduction over a tail rotor ,  t h i s  device was selected f o r  the 
quiet compound design. 
ro to r  cant, is achieved with adjustable doors on the downstream s ide  of the  fan. 
Figures 4-3 through 4-6 show t h e  octave spectra of the  QH, NH, QC and AC designs 
at 150 meters (500 f ee t )  to the  s ide  of t h e  aircraft. 
signature is now d d n a t e d  by main rotor  noise, while t he  tail ro to r  component 
dominates the spectrum of the noisy helicopter.  
fan contribute equivalently t o  the quiet compound signature. 
pound spectrum i; controlled by the  main rotor  component. 

Also, minimum DOC was obtained at  l o w  
A t  the  low d i s c  load- 

merefore ,  t he  quiet  helicopter solution has two tail rotors ,  eazh 
Though t h i s  s t y l e  of empennage 

For 

Because a properly designed fan-in-fin offers a 9 dB 

Twenty degrees of thrust deflection, equivalent t o  t a i l  

The quiet  helicopter 

The main ro to r  and anti-torque 
The noisy cam- 

Take-off and landing noise contours were calculated f o r  the four off-design 

The somewhat greater 
aircraft. The r e su l t s  are shown i n  Figures 4-7 t o  4-10 i n  term of PI&, and 
in  Figures 4-11 t o  4-14 i n  terms of SEaEL (take-off only). 
enclcsed areas for the  compound are due t o  the f la t ter  take-off p ro f i l e  t h i s  
type of a i r c r a f t  must emgloy using auxilivy propulsion, i n  order t o  avoid 
negative wing lift and/or high ve r t i ca l  drag penalties.  
tour  areas fo- each PNL LS given i n  Figure 4-15. 
specif ic  values of  SENEL, compared t o  community acceptance guidelines are shown 
i n  Figures 4-15 and 4-17. 
locations is i n  sharp contrast  with the conformity t o  noise l i m i t s  of t h e  quiet  
designs. Figure 4-18 summarizes the  study of DOC sens i t i v i ty  t o  external noise 
r e s t r a in t .  As noted previously, the baseline helicopter achieves the 95 PIdB 
noise limit goal With ro to r  parameters 
cnange i n  rotor  tipspeed, disc loading, blade loading, e tc . ,  whether t o  in- 
crease o r  decrease noise,  tends t o  increase DOC i n  the manner shown. 
compound. because rotor  lesign t o  achieve the noise l i m i t  goal cannot be 
optimum ( m i n i m  DOC) t he  t rend of  DOC versus noise i n  Figure 4-18 continues 
t o  decrease with increasir - noise level ,  out t o  the  NC design point which does 
represent rotor  parameters selected t o  minimize DOC. 

A summary of the  con- 
Enclosed contour areas for 

The unacceptability of t he  noisy designs a t  most 

selected t o  minimize DOC, i .e. , any 

For the 

As suggested above, a variable t w i s t  ro tor  blade would s ignif icant ly  a id  
in  a t ta ining compatibility between rotor  hover performance plus low noise 
reqiiir-ments and low drag at high speed. Figure 4-19 compares a compound 
e:nplq iLg such a concept w i t h  a compound having fixed geometry blades. 

Main and tail ro to r  parameters f o r  the two families of re lated design points 
Figure 4-21 gives summary weight statements f o r  the are ?anpared I n  Figure 4-20. 

s i x  a i r c r a f t  studied. 
a, WH, QC, and NC designs. 

Figures 4-22 through 4-25 are three-view drawings of the 
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4.3 Effects on HandlinR Qualities 

The quiet and noisy helicopter and compound aircraft w e r e  designed t o  the 
same c r i t e r i a  as the  baseline helicopter and compound. 
aerodynamic character is t ics  were used for the helicopters and compounds. In  
addition, the compound wing loadings and propulsor eff ic iencies  are the same 
as those of t he  baseline compound. The v e r t i c a l  tail vas designed so t h a t  
each a i r c r a f t  could be flown following a loss of anti-torque thrust .  The 
horizontal tails w e r e  designed t o  provide the smue l e v e l  of static s t a b i l i t y  
achieved i n  the baseline helicopter and compound. 
approach, t he  helicopter and compound aircraft can be expected to  have t r i m ,  
s t a b i l i t y ,  and response character is t ics  
a i r c r a f t .  

The saae fuselage 

In  l i g h t  of t h i s  design 

similar t o  those of the  baseline 

The head moment constants of the helicopters and compounds are compared 
i n  Figure 4-26. 
are all nearly equal, so the quiet  and noisy helicopters can be expected t o  
have response character is t ics  similar t o  those of the baseline with the same 
control input. The head moment constants of the compound are nearly equal f o r  
the baseline and quiet  a i r c r a f t ,  so these two should have s i m i l a r  response 
character is t ics .  The noisy compound head moment constant is approximately 23% 
less than the baseline and thus would require 23% more control input about 
t r i m  point fo r  the same level of maneuverability. 

As can be seen, the head moment constants of the helicopters 
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I I 
Helicopter I Head Moment Constant 

M-kg/deg (FT-LB/DEG. 

Base Line 

Quiet 

Noisy 

1266. ( 9162 1 

1320. (9555 1 

1324. (9578 1 

Compound Head Moment Constant 
M-kg/deg (FT-LB/DEG. 

Base Line 

Quiet 

Noisy. 

1461. (10570) 

1406. (10176) 

1125. ( 8140) 

FIGURE 4-26. STUDY AIRCRAFT HEAD MWNT CONSTANTS 
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5.0 DOC TREMDIBG 

Baseline stagelength was 370 kilometers (200 nautical  miles), but the  
effect  on DOC of varying range from 93 t o  741 kilometers (50 t o  400 nau t i ca l  
ailes) va8 assessed for  the  two baseline a i rc raf t .  For raages less than the  
baeeline, fuel capacity ( fue l  system weight), was unaltered. 
than the  baseline, suff ic ient  fuel system weight increase w a s  assessed, and 
peosengers vere off-loaded so that  the design gross weight was unaltered. 
Figures 5-1 and 5-2 show results fo r  the helicopter and conpound, respectively. 
As range is increased, the at t ract ion of the  canpund in reducing t r i p  t i m e  is 
increased, Figure 5-3, but the higher fuel consumption rate, Figure 5-4, means 
that more passengers must be off-loaded. A t  74l-kilometers range (400 nautical 
miles), canpound payload has been reduced t o  74 passengers, caapared t o  83 for 
the helicopter. Increasing range tends t o  decrease DOC because the effects of 
take-off, climb, descent, and land on block time are reduced. h f e v e r ,  t he  off- 
loading of passengers becooles the more puuerAiL effect, so that at 741-kilometers 
range, compound DOC has increased by 18% over the baseline value, the helicopter 
by 9%. 
helicopter is  clearly more economical t o  operate. 

For ranges greater 

A t  short ranges, where high speed is not rewarded in terms of Doc, the 

5.2 u t i l i za t ion  

Figure 5-5 shows the  effect  on DOC of varying a i r c ra f t  u t i l i za t ion ,  fo r  
both aircraft. Twenty-five hundred hours a year, considered the most meaningful 
fo r  this s ize  and tlass of a i r c ra f t ,  w a s  used t o  define the  base DOC. 
be reduced by about 9% when u t i l i za t ion  is increased t o  3500 hours per year. It 
may be significant tha t  the A I A  cost formula considers u t i l i za t ion  as a h s c t i a n  
of block time (Reference 3, Figure 1). 
of 3300 hours f o r  the helicopter and 3000 hours fo r  the canpound. This suggests 
a 2.7% WC re la t ive  advantage for  the slower helicopter tha t  is not evident in 
the  baseline studies at fixed ut i l izat ion.  

WC can 

This trend l i ne  indicates a ut i l iza t ion  

5.3 Manufacturing Cost  

Figures 5-6 and 5-7 show the  e f fec ts  on DOC of varying airframe and dynamtc 
Base assumptions were $243/kg ($11O/lb) and $176/kg system manufacturing costs. 

($8O/lb) respectively . 
5.4 Atel Cost 

Figures 5-8 and 5-9 show the effects  on DOC of 100% and 200% increases in 
fue l  cost when each baseline a i r c ra f t  is  operated a t  a cruise speed wi th in  its 
design capability. 
degrades DOC, whatever t he  f i e 1  cost in the  range considered. 
i f  fue l  cost were t o  rise by more than loo%, DOC would be improved by slowing 
the a i r c ra f t  from 129 m/sec (250 knots) t o  118 m/sec (230 knots). 
fuel cost is 3.43 cents per liter (13 cents per gallon). 

For the helicopter, it is seen that  reduced speed always 
For the compound, 

The base 
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The technical r isk of scaling up t o  the 100 passenger helicopter and cam- 
pound is considered s-, as discussed i n  Secticm 2.4.1. 

The following design features are considered technical r i s k  items: 

. Transmission IsolationlEngine Interface-. To l i m i t  cabin sound and 
vibration levels to  desired levels, the main gearbox must be isolated ftam the 
airframe by means of absorptive mounts. 
therefore, be designed t o  to le ra te  small  re la t ive  def lcct iws.  
pound, with two of its three engines ving-munted, the problem is less acute. 
Large amounts of main rotor  power are experienced only i n  hover and low speed 
f l igh t ,  and only one engine is short-coupled t o  the main gearhx.  
for  which a transmission isolator  has been designed, is expected t o  develop 
proper design techniques t o  overcae  th i s  potential  problem. 

The transmission/engie interface must, 
For the can- 

The BRA, 

. Fly-By-Uire Control System. Although an innovation fo r  any current 
production helicopter, fly-by-vire control systems are flying i n  experimental 
fixed wing a i rc raf t .  The RSRA w i l l  have a fly-by-wire system fo r  the p i lo t ' s  
s t ick ,  so proper techniques w i l l  be learned for  mech~ical/electricsl/mecheni- 
c a l  interfacing. 

. Convertible Propulsioh System. For the compound, tlfe two wing-mounted 
engines can provide straight-through shaft power t o  the fan propulsors and/or 
power t o  the main gearbox by meaus of take-off drive shaf ts  running t o  the 
main gearbox. A two-speed input section t o  the main gearbox provides reduced 
rotor tipspeed i n  cruise f l i gh t  and eliminates the need t o  de-clutch the fans 
in  hover. 
technical r i s k  is associated with integration of the system. 

Although all elements of t h i s  propulsion system are proven, some 

. Twin T a i l  Rotors (Quiet Helicopter). To reduce the component of exter- 
n a l  noise produced by the t a i l  rotor ,  disc loading must be reduced. 
an unacceptably large,  single t a i l  rotor would resu l t ,  twin  devices of low 
disc  loading and providing half of the required thrust are required for the 
Q?i design. 
interference effects  on performance, vibration, and notse signature. 

Because 

Technical risk re f lec ts  the uncertain knowledge of the mutual flow 
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7.0 c~cuJsIoIos 
1. A 100-passenger ccmerc ia l  hel icopter  can be designed f o r  i n i t i a l  fabr i -  
cation i n  1980. It conforms t o  a 95 PNdB external noise c r i t e r i a  at 150 meter 
(500 foot) s ide l ine  distance with no compromise t o  a rotor system chosen speci- 
f i c a l l y  to minimize DOC. 

2. 
noise goal, i n  that blade t w i s t  must be iucreased, main rotor tipspeed and 
hover blade loading must be decreased s igni f icant ly  f r o m  values selected 
spec i f ica l ly  t o  minimize DOC. 

A 100-passenger canpound is coqp&sad i n  order t o  achieve the  external 

3. 
external noise c r i te r ion .  
f o r  the canpound, the tvo a i r c r a f t  w o u l d  be equivalent i n  DOC. 

Helicopter DOC is 4% lover than that  for the compound designed t o  the same 
If a variable  blade t w i s t  concept can be assumtd 

4. The prescribed design noise goal is equivalent t o  a mean of t he  c m i t y  
acceptance criteria f o r  selected he l ipo r t  locations, based on an A-weighted 
sound measurement corrected f o r  event duration and ftequency. 

5. 
than 70 dB MIL, equivalent t o  current f ixed wing shorthaul prac t ice ,  has a 
signif icant  e f fec t  on a i r c r a f t  design, necessi ta t ing transmission acoustic 
i so la t ion ,  cabin w a l l  soundproofing, and i n  the  case of the compound, careful 
se lec t ion  of auxi l iary propulsion. 

The requirement for a speech interference l e v e l  within the  cabin no greater 

6. 
designs do not represent unacceptable technical r i s k  associated with s ize .  
Experience suggests that growth i n  w e i g h t  by more than about 2.5 times the 
gross weight of the  previous la rges t  a i r c r a f t  of t h a t  configuration does engen- 
der such r i s k ,  unless su f f i c i en t  weight contingency is included t o  accommdate 
it. 

The predicted gross w e i g h t s  f o r  the hel icopter  and campound 100-passenger 

7. The rotary wing VTOL of fe r s  excellent l a w  speed handling qua l i t i e s  i n  t h a t  
100% control  pawer can be exercised about any axis with l i t t l e  or no reduction 
i n  available control power about any orthdgonal axis. 

8. The requirement fo r  hover out of ground e f f ec t  with one engine inoperative 
provides a power margin for safe  recovery at any point during a typ ica l  take- 
off  procedure following a s ingle  engine malfunction. 

9. 
i n  ro tor  tipspeeds and through adoption of twin law-disc-loading t a i l  ro tors ,  
for 4% increase i n  DOC. 

Helicopter external  noise can be redue-”. by 5 dB through moderate reduction 

10. Compound external  noise can be reduced by 5 dB through moderat2 reduction 
i n  main rotor  tipspeed and through adoption of a fan-in-fin anti-torqrie device, 
f o r  6% increase i n  DOC. 

11. For constant take-off gross weight, t he  baseline helicopter DOC increases 
by 9% when stagelength is treuded out t o  740 k i lcae te rs  (400 naut ical  miles) ;  
t he  compound by 18%. 
econcunical t o  operate. 

A t  short  rengee, the helicopter is significantly more 
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12. For long-bodied caafiguratiopcr emforced bJr large main rotor diameters, 
64bresst single-aisle seating is preferred aver 7- or &abreast --aisle 
--*for the 8- number of p.esensen,. 

13. 

respect and ray require 
response to vesured nurmal .cceleratioas. 

14. Ir *el c a t s  cantinue to increase, thc DOG trend V&d indicate an dvan- 
tsge in reducing capound d s e  speed fka 129 d s e c  (250 Imots) to U8 daec 
(230 knots). Tbrt helicopter should d n t d a  ita desi* cruise speed of 89 d s e c  
(173 hots) ewn if fbel c a t  should increme by 200% ory the ~)su.Icd value 
of 13 cents per galla.  

The helicopter satisfies the requiraents for gust insensitivity at 
altitudes up t o  3050 e m  (l0,OOo feet), !the tsmpomd is rarginal ir this 

forr of autoratic collective aileron coatrol in 
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1. 
be achieved if timeframe is included as one of the study variables. 
mxomended that the results of this and paralle?_ studies be expanded thraugh 
additicvlel work t o  include timeframe variatioxi 

General cunparison of competitive VTOL C o O f i g i l t a t i o n S  can most r ea l i s t i ca l ly  
It 1, 

1975 t o  1990. 

2. As indicated i n  the  etaA -er sections of t h i s  reporfi, capound rotor  design 
for l a w  noise and good performance i n  hover is not compatible v i t h  the design 
requirements for high s s e d  f l ight .  An extcnsim to this study is recommended 
to re lax the grouadrule of constaut b l d e  ~ e w r  try t o  include variable twist 
and &able corpound rotor diameter concepts. The Telescoping Rotor Aircraft 
(TRAC) rotor system is currently under development at Sikorsky, under contract 
f r a n  the u. s. ArSqr. 

3. 
it is recammended that the influence on design and operating techniques be 
assessed as a function of f'uel cost  and avai labi l i ty .  

4. 
under developrent at Sikorsky under 
candidate camercial VTOL lift system i n  a general configuration caparison 
study including t i m e f r -  as a variable. 

Because of the anticipated eqhas is  on fuel economy during the  years ahead, 

It is recamended that the Advancing Blade  Concept (ABC) rotor,  currently 
contract, should be included as a 
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